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CHAPTER 1: GENERAL INTRODUCTION 
I. Dissertation Organization 
This dissertation is written in an alternate format. The dissertation is composed of 
four original manuscripts, a general introduction and a general conclusion. References cited 
are listed at the end of each chapter. 
The general introduction summarizes the prior art for joining of ceramics, specifically 
SiC, as well as the properties of the polymer precursors involved in the current research. Also 
included in the general introduction are the preliminary experimental results on pressureless 
sintering of SiC and simulation of the black band formation which occurs during joining with 
PCS containing pastes. These results has not been included in the manuscripts for the sake of 
brevity, however, they are presented for a better understanding the contents of the 
manuscripts. 
The first manuscript, "Green state joining of SiC using polycarbosilane" was accepted 
by the Journal of the American Ceramic Society in August 1999. The second manuscript, 
"green state joining of SiC without applied pressure" describes a method of joining SiC 
without an external pressure and will be submitted to the Journal of the American Ceramic 
Society in August, 1999. The third manuscript, "X-ray tomographic study on green state 
joining of SiC using polymers" describes the use of x-ray tomography to measure the density 
o the joints and to provide a better understanding for joint microstructure evolution. It will be 
submitted to the Journal of the American Ceramic Society. The fourth manuscript, entitled 
"in situ growth of SiC whisker in pyrolyzed monolithic mixture of AHPCS and SiC", is the 
only manuscript that did not focus on joining. It describes a method for growing in situ SiC 
whiskers from mixture of preceramic polymers and SiC. The manuscript will be submitted to 
the Journal of American Ceramic Society in 1999. 
The general conclusion summarizes the results of the manuscripts and gives an 
overview of the dissertation. It also provides an outlook for the future work to be done to 
further the knowledge on green state joining of advance ceramics. 
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The dissertation author recognizes that all of the papers can not be completed without 
the significant contributions from the co-authors. As my major professor, Dr. Akinc has 
provided his in-depth guidance and oversight throughout this research and appears as co­
author for all of the papers. Dr. Kramer was extremely helpful on the TEM work involved in 
studying the microstructure of SiC whiskers and appears as co-author of the paper titled "In 
situ growth of SiC whisker in pyrolyzed monolithic mixture of AHPCS and SiC". Dr. Unal is 
the co-author of the manuscript, "Green State Joining of SiC Using Polycarbosilane" and 
responsible for the help on finite element analysis of the stress development in the article. 
This study resulted in discoveries that were deemed to be worth pursuing patent 
protection. Hence, two patent applications were filed: one on green state joining without 
applied pressure; the other is on in situ SiC whisker growth. 
BE. Introduction 
Structural ceramics typically have high melting points, high hardness, oxidation and 
corrosion resistance, and are thermally and chemically stable. Compared to conventional 
metals, they also have a higher specific strength. Therefore, structural ceramics are potential 
materials for applications requiring exposure to high temperature and aggressive 
environments. Table I list the physical properties of selected ceramics and metals . 
In the past couple of decades, structural ceramics have experienced a period of 
significant research and development activities. As the results of these activities, structural 
ceramics, such as silicon nitride, silicon carbide and alumina, have gained a great deal of 
attentions to be widely applied in the aerospace, refractory and automobile industries2. 
Silicon carbide is one example of an advanced structural ceramics that is being developed for 
structural applications. E.G. Acheson discovered silicon carbide in 1891, while investigating 
the synthesis of diamond3. It has since been used as an abrasive material. Although silicon 
carbide heating elements have been in use since the 1940s, the difficulty in obtaining high-
density sintered silicon carbide limited its application. This problem was overcome by 
pressureless sintering with a boron additive4- 5, and this prompted silicon carbide to be 
considered as an advanced structural ceramic material. The high hardness, excellent heat and 
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Table I. Physical properties of selected ceramics and metals 
Material Melting 
temperature 
(°C) 
Density 
(g/cm3) 
CTE 
(lO^BC1) 
Elastic 
modulus 
(GPa) 
Strength 
(MPa) 
Fracture 
toughness 
(MPa mI/2) 
Thermal 
conductivity 
(Wm~'K~l) 
SiC 2700* 3.2 4.3 410 500 2.2-4.4 70 
Si3N4 1900* 2.5 2.5 300 700 4-8 22 
AI2O3 2050 4.0 7.9 350 300 3.2-5.3 20 
Zr02 2960 5.6 10.5 200 500 5-12 2 
WC 2777 15.8 5.2 700 600 7.5-9 -
A1 660 2.7 23.5 72 55 - 238 
Cu 1083 9.0 17.0 130 100 - 397 
Fe 1535 7.2 12.1 211 200 - 78 
Nb 2467 8.6 7.2 105 250 - 54 
Ni 1455 8.9 13.3 199 310 - 89 
Ti 1677 4.5 8.9 120 550 - 174 
* Sublimation or decomposition 
corrosion resistance and high temperature mechanical properties make it a promising 
candidate material for gas turbine engine. Table H lists some physical properties of silicon 
carbide6. 
Wider use of structural ceramics is limited by difficulties in forming, finishing, 
machining and assembling necessary components. These difficulties render ceramic 
manufacturing inferior to metal fabrication in terms of cost, reliability, and other factors. 
However, by improving the ceramic joining process, these difficulties can be alleviated to 
some degree. The purpose of this project is to focus on developing a reliable method to 
achieve sound SiC to SiC joints and to study the mechanism of joint formation. 
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Table IL Physical Properties of Silicon Carbide 
1. 
2. 
3. 
4. 
5. 
Formula weight 
Density g/cm3 
Color 
Decomposition temperature 
Lattice constant (RT) A 
6. Knoop hardness kg/cm2 
7. Compressibility kg/cm2 
8. Young's modulus GPa 
9. Coefficient of Thermal 
expansion °C 
10. Specific heat cal/g °C 
11. Thermal conductivity 
cal/cm s°C 
40.1 
3.21 
yellowish to colorless 
2700 
3C ao: 4.3596 
(X type ao: 3.076 (2H) - 3.081 (6H) 
Co: {2.520 (6H) - 2.524 (2H)}x na 
3C JL(Ill): 2815 
1.2-2.1 x 10"7 
390-460 
4.4-4.9 x 10"6 
0°C 0.17 
200°C 0.22 
1000°C 0.28 
1400-2000°C 0.30 
0°C 1.2 
700°C 0.15 
a: Number of unit layers; 3C, 2H and 6H are polymorphs of SiC. 3C is cubic lattice, and 
others are hexagonal lattices 
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III. Review of Literature 
Methods of joining silicon carbide will be discussed in detail based on two categories: 
Joining dense SiC parts and joining in the green state. This research focuses on use of 
polymers in the green state joining of silicon carbide. Therefore, the available polymers and 
their properties will be reviewed. 
1. Joining of Ceramics 
It is well known that most structural ceramics are hard and brittle due to strong 
covalent or ionic bonding. Therefore, post-machining of dense articles is costly and time-
consuming. In addition, structural ceramics are very sensitive to flaws. A single flaw, even in 
the micrometer scale, may cause catastrophic failure of the component. Therefore, rework is 
impractical for structural ceramics. However, effective joining technologies provide 
economical and reliable ways to solve these difficulties. By joining small and simple parts to 
achieve complex shapes, the post-machining cost may be significantly decreased. And, using 
small and simple parts limits the possibility of flaw formation and makes flaw detection 
easier. 
Unfortunately, the very properties that make ceramics a promising structural material 
lead to the major difficulties in achieving high quality joint. The chemical inertness of 
ceramics which makes them desirable in corrosive atmospheres makes it challenging to form 
chemical bonds between ceramics and ceramic and metal. Most ceramics have good thermal 
resistance due to the low coefficient of thermal expansion (CTE) and high elastic modulus. 
However, these properties cause the high mismatch with those of the metals and render it 
difficult to maintain integrity of ceramic/metal joint when it is subjected to large temperature 
changes either during processing or in service. In addition, the strong covalent bond of 
ceramics makes the diffusion at the joined interface difficult even at elevated temperatures. 
Despite these difficulties, extensive research has been conducted in this area and significant 
progress was made in the past decades. Active metals were widely used in joining of 
ceramics to improve the wetting and achieve strong chemical bonds. The difficulties of 
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thermal mismatch were partially solved by using laminated filler materials. In order to 
improve diffusion at the joint/matrix interface, polymers were used to introduce mass transfer 
at room temperature. Table HI and IV give a summary of some of the methods developed to 
join ceramics to metals and to other ceramics7. 
Table IDE. Summary of ceramic joining methods 
CERAMIC CERAMIC BONDING 
No Filler Material 
Method Description Status Reference 
Diffusion Bonding direct contact with heat and 
pressure 
experimental 7,8 
Ceramic Welding interfacial fusion using 
localized heat source 
experimental 9 
Electric field, bonding electric field enhanced 
diffusion across interface 
commercial, 
special purpose 
10 
With Filler Material 
Reactive Bonding with 
Non-metallic Liquid 
interfacial materials melts, 
wets, and then bonds 
bonding with 
molten glass is 
common 
11 
Mo-Mn brazing metallize ceramic with Mo-
Mn and then metal braze 
widespread 12 
Active metal brazing molten alloy containing a 
reactive metal wets, reacts 
and bonds to ceramic 
increasing 
commercial use 
13 
Microwave joining localized heating of 
interface 
experimental 14 
7 
Table IV. Summary of ceramic/metal joining methods 
CERAMIC - METAL BONDING 
No Filler Material 
Name Description status Example 
Glass-metal bonding molten glass wets metal and 
bonds upon cooling 
Widespread 15 
Glass-ceramic to metal 
bonding 
similar to glass bonding, but 
glass is crystallized after 
bonding 
specialty 
applications 
16 
Diffusion bonding direct contact under heat and 
pressure 
experimental 17 
With Filler Materials 
Mo-Mn process metallize ceramic with Mo-
Mn process and then metal 
braze 
commercial 11, 12 
Active metal brazing alloy containing reactive 
metal wets and bonds 
increasing 
commercial use 
13, 18 
Reactive, non-metallic 
liquid bonding 
reactive composition wets 
and reacts while molten and 
then bonds upon cooling 
experimental 19 
2. Joining of Silicon Carbide 
Although there has been significant progress in using silicon carbide as an advanced 
structural ceramic, process of silicon carbide joining is not well established. The difficulties 
are partially due to the fact that silicon carbide components are usually required, to perform at 
very high temperatures. Hence, no low melting temperature phase can be tolerated as joining 
materials. However, without the presence of a liquid phase at the joint interface, mass transfer 
is limited to solid state diffusion and sound joints are difficult to achieve due to extremely 
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low diffusivities even at high temperature. In addition, the fracture toughness of silicon 
carbide (2.2-4.4 MPamI/2) is lower than that of other structural ceramics. Therefore, SiC is 
more prone to stress induced cracking. To overcome these difficulties, a number of 
techniques have been investigated. Based on the state of the starting materials used, they are 
divided, into two major categories: joining of densified parts and green state joining. 
2.1 Joining of densified silicon carbide parts 
Joining of sintered silicon carbide is accomplished by employing deformation (or 
melting), reaction and diffusion of the joining materials to achieve chemical or mechanical 
bonding in atomic scale between sintered SiC interfaces. A great deal of work has been done 
in the past decades and several methods have been developed. 
2.1.1 Active metal brazing 
Brazing was widely studied for joining structural ceramics20,2l. However, interface 
wetting is a major problem for joining silicon carbide. To achieve wetting, either ceramic 
metallization or active metal brazing22,23 are typically used. Cu-Ag filler with Ti additives are 
commonly used in active metal brazing of silicon carbide. Research23 indicated that the 
addition of Ti improved the wettability of the Cu-Ag filler. Strong joints were obtained by 
this method. However, TiC and TisSi3 were observed at the joint23, which is not beneficial for 
the joint. The oxidation of TiC at high temperature results in lower flexural strength and 
fracture toughness24. Additionally, the presence of metal at the joint limits the high 
temperature application. 
2.1.2 Diffusion bonding 
This method was also called solid state bonding since the component materials at the 
joint do not melt. It has proved to be one of the most effective methods of joining dense 
advanced ceramics because of the high joint strength and high temperature stability25,26' 
Bates et al27 studied dense silicon carbide joining by diffusion bonding. The mating surface 
of silicon carbide pellets were polished, then the pellets were brought into contact and 
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sintered and HIPed. A successful joint was obtained for small samples but not for large 
samples. The average strength of small joints was 20 MPa after sintering and 110 MPa after 
HIPing. Failure of large samples was attributed to lack of intimate contact between the 
mating surfaces. No further work on large sample has been reported. A similar investigation 
on diffusion bonding of silicon carbide with fine silicon carbide powder as filler was also 
reported by Iseki et al28. Joints with strength comparable to the matrix were obtained by hot 
pressing the joint at 1650°C with an applied pressure of 50 MPa. The high process 
temperature and pressure are proved to be crucial to the joining method. This limits the 
application of this joining method since the cost of hot press process is high and shapes that 
can be achieved by hot pressing are limited. 
2.1.3 Polymer pyrolysis 
Efforts to use polymers to join SiC were first made by Yajima29. The experiment 
yielded a low joint strength of about 40 MPa. However, recently a revived interest in joining 
silicon carbide using polymer precursors is noted. Ahmad et al30 employed microwave to 
pyrolyze polycarbosilane (PCS) to join sintered silicon carbide. Specimens joined with PCS 
and SiC slurry performed better than previously reported joints29. Ewart's study31 also 
indicated that pre-etching the joined surface of SiC with HF removed the oxide layers and 
improved the strength of the joint obtained by pyrolyzing the PCS. An average joint strength 
of 104 MPa was achieved after pyrolysis at 1500°C. To resolve the problem of joint strength 
loss due to porosity formed during pyrolysis, Interrante32 synthesized a high-yield, bubble-
free curing polymer precursor for joining of SiC. An average joint strength of 110 MPa was 
achieved without the use of external pressure. Besides PCS and its derivatives, other silicon-
based resins33'34, were also used to join silicon carbide and composites. The resulting joints 
had comparable strength values as those described above. 
2.1.4 Reaction bonding 
This method is based on the chemical reaction between a filler material and the SiC 
matrix to form the bond between two matrix surfaces. The most successful example of this 
10 
method is a modified tape casting procedure developed by Rabin35. In this methiod, a tape of 
SiC and C is inserted between two surfaces and silicon chunk is placed around Ghe joint. The 
reaction of Si + C —> SiC occurs when molten silicon filtrates into the joint at high 
temperature. The joint has the strength of 327 MPa at room temperature, which is comparable 
to the control sample. But, high temperature strength decreased sharply above 1:200°C36 due 
to the softening of the excess silicon at the joint. Singh et al37 used carbonaceous mixture to 
replace the tape and reported that the joint thickness and excess silicon contents were 
controlled. Joint that is 40 — 50 |im thick has the strength of 255 MPa. Similar too this, a 
combustion reaction in the Ti-C-Ni system was also used to join SiC to SiC38. 
2.1.5 Microwave Joining 
Microwave joining provides an energy-efficient method of achieving high 
temperature localized at the joint area. Many different methods were developed to join silicon 
carbide using microwaves39'40' These joints have room-temperature strengths identical to 
control samples. Due to the localized high temperature produced by microwave,, this method 
is extremely useful in the repair of the ceramics and ceramic composites41. How ever, the 
application of this method in the industry has not been found in literature. The p-ossible 
reason is that the microwave generator is complicated and expensive. 
Although significant progress has been made in joining dense silicon car-bide, defects 
like cracks and pores, residual stresses, impurities and low melting temperature ^rain 
boundary phases are still problems. These problems limit the application of thes«e materials, 
especially at high temperatures. 
2.2 Joining of silicon carbide before sintering 
Joining of ceramic materials in the green state involves the use of filler materials, 
usually similar in composition to that of the joined compacts, to achieve bond between two 
interfaces in the green state. The filler materials are densified along with the joined compacts 
to form strong bonding after sintering. Therefore, it is also called co-firing method. Green 
body joining is widely used to produce complex parts in the clay based ceramic industry. The 
I l  
unique superplasticity of the clay-based materials that was caused by the surface charging and 
layered structure make the green body joining of clay based materials easy. Advanced 
structural ceramics like silicon nitride and silicon carbide do not have this property; therefore, 
green state joining of silicon carbide has been overlooked as a method to achieve complex 
shapes. Thus, there are relatively few articles published on this subject. 
2.2.1 Solvent welding 
This technique has been used for joining polymers or polymer composites. Usually, a 
solvent with sufficiently strong interaction with the polymer is used to form a local 
concentrated polymer solution near the interface. Then, the solvent diffuses away from the 
interface to raise the glass transition temperature above the operating temperature. Hence, 
adhesion between the two interfaces is achieved. Evans et al.42 first reported application of 
this method to suspensions of a fine alumina powder with polymer. Their results indicated 
that by dispersing powders in a carrier medium, the unique superplastic behavior of clay 
based ceramics can be achieved lo some degree. Indistinguishable joints were achieved by 
this method, but they have not reported any strength data for the joints. 
2.2.2 Slip/CIP method 
Bates43 successfully joined SigN4 by the Slip/CIP method. The joined parts were 
silicon nitride green compacts obtained from Cold Isostatic Pressing (CIP). Slurry filler was 
prepared by suspending the powders in either slip casting or injection molding media. Hot 
Isostatic Pressing (HIP) was used to densify the joined parts. It is reported that the joint 
region was visually indistinguishable and hard to detect optically. This method has also been 
used on joining silicon carbide. Water, carbonaceous binder and the powder that has the same 
composition of the matrix comprised the slip, which was then applied between the two mated 
surfaces. CIP and pressureless sintering were used to densify the green SiC compact. A 
100pm thick joint formed and was easily observed visually. Four point bending tests 
indicated that the mean strength of the joined bars was 351 MPa compared to 397 MPa for 
the control bars at room temperature. The strength of the joined bars was 338 MPa at 
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1530°C44. Although the method shows the promise on joining covalent ceramic parts like SiC 
and Si3N4, the HOP or CIP step severely limits the application of these methods. 
3. Polymers for Joining Silicon Carbide 
As previously mentioned, significant progress has been made in green state joining of 
SiC by Slip/CIP method. However, the strength of SiC joint is still lower than that of the 
matrix and the SiC joint was still distinguishable from the matrix in contrast to what has been 
observed in Si^N4 joint. No further work to elucidate the difference between SigN^ and SiC 
joints formed by Slip/CIP method was reported. The difference may be attributed to the 
different mass transfer mechanism at the joint during high temperature sintering. In the case 
of joining silicon nitride, liquid phase formed during sintering enhances the mass transfer, 
while mass transport during solid state sintering of SiC is very limited. To improve the 
joining method, polymer precursors are incorporated in our research to improve the mass 
transport at pre-sintering temperature, especially ambient temperature. 
The incorporated polymer precursors could be beneficial to the joining process in 
several aspects. First, the filtration of polymer precursor to matrix improves the mass 
transfer, thus, is helpful to blur the interfaces between the joint and matrix. Second, upon the 
decomposition of the polymer, nano crystalline SiC will form which improves the 
sinterability of the joining materials. However, the large weight loss and density change 
associated with pyrolysis of the polymer may lead to the formation of cracks and pores. To 
solve these problems, the pyrolysis properties of the polymers are investigated and careful 
burn-out processes are developed. In Table V, several polymers and their reported properties 
are listed45"53 
Table V. Properties of Polymer Precursors: 
Properties AHPCS PCS SR350 
Formula (SiH2CH2)o.95(SiH(allyl*)CH2)o.5 (CH2SiHCH2)n (OSiCH3OH)n 
Density (g/ml) 0.95 1.12 0.712 
Melting Point -40°C 195-210°C Unknown 
13 
Pyrolysis Yield (wt%) 74% -90% 30%~60% About 85% 
*: Allyl:(-CH2=C] EÎCH2-) 
14 
3.1 AHPCS 
The polymer undergoes crosslinking on heating under an inert atmosphere between 
200 and 400°C (100°C with catalyst) to yield a hard solid. After crosslinking, it can be 
pyrolyzed under N2 to produce a near stoichiometric "SiC" at 1000°C with an overall yield of 
74-90%. The SiC is largely amorphous at 1000°C but crystallizes to a nanocrystalline (3-SiC 
ceramic between 1400~1600°C with little further weight loss. Figure 1 is the Thermal 
Gravimetric (TG) result of the AHPCS which shows the weight change of the as received and 
crosslinked polymer during pyrolysis. The SiC yield of the crosslinked (cured) polymer 
(curve b) is much higher than that without curing (curve a). Mass spectrometric studies48 of 
the gaseous byproducts indicate that the weight loss under 300°C is due to the loss of low 
molecular weight oligomers. H% loss begins at about 300°C and leads to the crosslinking of 
the polymer until 450°C and further loss of H? and some C and Si containing species 
occurred between 500°C and 800°C resulting in the conversion of the polymer to SiC. Figure 
2 shows the heating profile designed for pyrolysis of AHPCS. 
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Figure 1. The TGA result of the pyrolysis of (A)HPCS36 a) as prepared b) after curing under 
N2 at 400°C for 2 hr. 
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Figure 2. The heating profile for AHPCS pyrolysis 
3.2 Polycarbosilane 
PCS cures in the temperature range of 200 - 250°C. Decomposition starts at about 
300°C and is completed at about 800°C. Crystallization starts at about 1200°C and is 
completed at about 1600°C. The yield of PCS is between 40% - 60%. Figure 3 is the 
TG/DTG data of the pyrolysis of PCS. It shows that the main weight loss happens in the 
temperature range of 300 - 800°C. Figure 4 shows the heating profile set for the PCS 
pyrolysis. 
3.3 SR350 resin 
The SR350 resin undergoes crosslinking at about 90°C. The crosslinked resin is pyrolyzed 
over the temperature range of 200 - 1100°C. Figure 5 is the TG/DTA data of the SR350 
pyrolysis. It shows that there are two substantial weight loss regions during pyrolysis. The 
first weight loss at 150 - 250 is attributed to the evolution of toluene and isopropyl alcohol; 
the weight loss at 700 - 800°C is due to the evolution of methane gas. Black glass is formed 
at about 1100°C, and the glassy product will crystallize above 1400°C. Figure 6 shows the 
heating profile used for pyrolysis of SR350 resin. 
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Figure 3. TG/DTG data of the pyrolysis of polycarbosilane52 
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IV. Results of Preliminary Experiments 
Research to date has been conducted in several areas. Pressureless sintering of the 
matrix material was studied, and optimum composition and processing variables were 
selected. Methods of joining SiC with polycarbosilane and allylhydridopolycarbosilane 
polymers containing pastes were also explored. 
1. Pressureless Sintering of the Matrix Materials 
Pressureless sintering was chosen as the primary method to densify the SiC green 
compacts, because of its flexibility and ability in size and shape of the SiC parts that can be 
manufactured. Additionally, the conventional additives of boron and carbon55- 56'57 were used 
to enhance the sinterability of SiC. To increase the strength of the green compacts, PCS was 
added as a polymer binder and sintering aid. A trial composition with 5vol%PCS and 
95vol%SiC (doped with B and C) was chosen as the matrix composition by a previous 
researcher. Table VI shows the trial composition for the matrix. The green compacts with 
trial composition were sintered at 2000C and a typical density of 82%~84% theoretical 
density (TD) was obtained. Higher sintering temperatures up to 2200C were tried with no 
improvement in density. Further work indicated that the low sintered density was attributed 
to low carbon content in the starting powders. Although the mechanism of the B and C 
additives is not fully understood, it is believed that the addition of carbon removes SiO? from 
the SiC surface and improves the densification58. 
Table VI. Trial composition of the matrix material 
Comp. SiC PCS Boron Carbon 
Vol% 93.14 5 0.56 1.3 
Carbon content in the green powders was increased by incorporating either carbon 
black, PCS or a phenolic resin. Table VU shows the sintered density of SiC compacts from 
these additions. All the green compacts were sintered at 2150°C for 40 minutes with a ramp 
rate of 15°C/min. 
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The results in Table VU indicate that there is no significant improvement in 
densification when carbon is added in the form of carbon black. Prochazka59 and Tanaka58 
have also reported a similar results. They thought that carbon added in the form of carbon 
black is difficult to be homogeneously distributed in the powders. This may have influenced 
its effect on removing the SiO? on the powder surface whose presence is believed to be 
harmful for the densification of SiC. 
Table VU. Green and sintered densities of SiC compacts with the addition of carbon 
Carbon Source Green density (%TD) Sintered density (%TD) 
Wet pressd Dry press6 Wet press Dry press 
Trial Comp. 63.8 57-59 86.1 80-84 
Carbon blacka N.A. 57.7 N.A. 81.0 
PCSb N.A. 65.0 N.A. 91.7 
Varcumc 65.3 61.0 96.5 93.8 
a 2wt% carbon black and 98%wt matrix materials with trial composition (table VI) 
b 20wt% PCS and 80%wt SiC 
c 4wt% Varcum (phenolic resin) and 0.6%wt Boron and 95.4%wt matrix material 
with trial composition 
d The uniaxially pressed powder was composed of 7 — 10vol% hexane 
e The uniaxially pressed powder was dry and sieved through a No. 100 mesh screen 
Figure 7 shows the green and sintered density of SiC compacts vs. the PCS content. 
The figure indicates that both the green and sintered density of the matrix is increased with 
increasing PCS content. 
The results in Table VH also indicate that, by adding phenolic resin, a pure carbon 
source, higher sintered densities of SiC are obtained. The highest density of 96.5%TD was 
achieved with the composition that included PCS, boron and phenolic resin at the sintering 
temperature of 2150°C. 
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Figure 7. Green and sintered density of SiC compacts vs. PCS content 
2. Black Band Formation 
Review of the SiC joining literature implies that the rtnain difficulty in obtaining 
sound and strong joints is insufficient mass diffusion across tEhe joint/matrix interface. Use of 
a SiC precursor polymer such as PCS was thought to be benerficial for the mass diffusion 
across the boundary by means of filtration as well as providinsg additional nano-scale SiC, 
providing denser joints. 
2.1 Preliminary results 
Preliminary work was carried out by Meyer in our lab.. A trial experiment procedure 
was set and joining variables such as polymer content, solvenjt volume and CIP pressure were 
selected. Most of the joints exhibited black band on either sidie of the joint more or less 
parallel to the joint line and usually associated with cracks that were perpendicular to joining 
direction. 
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Figure 8 shows the typical joint structure obtained in the preliminary experiments. 
The morphology of the cracks implies that the matrix at the black band region was under 
tensile stress along the band, which caused the cracks to propagate in the perpendicular 
direction. To understand the formation of black band, ESC A was used to measure the 
compositional distribution around the joint. In order to eliminate the matrix SiC effect, the 
SiC matrix was replaced with alumina having a similar particle size. The ESC A result 
(Figure 9) shows that the carbon concentration increases on both sides of the joint giving 
peaks at about 4mm away from the joint. This provides an evidence for our hypothesis that 
the formation of black bands is due to a higher concentration of PCS at these regions leading 
to higher carbon concentration. 
Black Band Black. Band 
Figure 8. The black band and cracks formed in joint of SiC ( the bar is 6.5mm) 
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Figure 9. Compositional distribution around the joint obtained from ESC A 
Several experiments were conducted to better understand the formation of the black 
bands. First, the green SiC compacts were wetted with toluene and cut to reveal the diffusion 
path. It was found that the black band has already existed at the wetting stage before applying 
the paste. The electron microprobe analysis on the control sample with alumina matrix 
shows that the black band is also rich in Si content. These results indicated that black bands 
were formed by the segregation of the PCS during the wetting stage of the joining process. In 
order to understand the correlation between PCS solubility and black band formation, 
solvents with different PCS solubility were used. Table VHI shows the correlation of PCS 
solubility and black band formation. 
Table Vm. the correlation between PCS solubility and black band formation 
Matrix Solvent PCS solubility (g/ml) Band formation 
PCS" toluene high, >0.6 yes 
PCS toluene + ethanol Medium, <0.014 faint 
PCS ethanol Low, ~0 no 
No PCS" toluene high, >0.6 no 
* 5vol% PCS + 95vol% SiC 
** pure SiC 
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Table VUI shows that the black band formation is highly correlated with the PCS 
solubility. In addition, the same solvent, toluene, causes band formation in compact with PCS 
content, but does not in compact without PCS. The experimental results have shown that the 
segregation of the PCS causes black bands and PCS solubility in the solvent is critical for 
black band formation. 
Figure 10 is a schematic diagram that shows the segregation of PCS and formation of 
cracks at the banded area. In the schematic, green compacts are viewed as closely packed SiC 
particles coated with thin PCS layer. When the green compacts are wet by Toluene, PCS in 
the green compact is dissolved and diffused inward with toluene, and then precipitated at the 
banded regions when toluene is evaporated. This leads to a high PCS concentration band as 
well as the adjacent PCS depleted matrix. During pyrolysis, the PCS decomposes into nano 
sized SiC and free carbon which influence the sinterability of the matrix. The results on 
pressureless sintering of SiC with different PCS concentrations indicate that the PCS rich 
region has a different sinterability than that of the matrix. The band regions containing higher 
PCS concentration undergo greater shrinkage. Therefore, residual stress along the banded 
direction is produced due to differential shrinkage between the banded region and bulk 
material during cooling from the sintering temperature. Cracks are formed when the residual 
stress exceeds the strength of the bulk material during sintering. An approximate model based 
on chromatographic separation was applied to simulate the PCS segregation and calculate the 
compositional distribution. 
In chromatography60-61-62, a solution (mobile phase) flows through porous media 
(stationary phase), leading to two physical processes that occur simultaneously. One is that 
the solute in the solution is adsorbed by the stationary phase; the other is that the solute 
adsorbed on the stationary phase dissolves into the solution. These two competing processes 
partition the solute between the solution and the stationary phase as the solution filters 
through the porous media. The tower theory is a semi empirical theory in chromatography to 
model and calculate the solute distribution in the porous media. With minor modifications, 
this theory was applied to our systems to explain the black band formation. 
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CHAPTER Z.­
GREEN STATE JOINING OF SIC USING POLYCARBOSILANE 
A manuscript submitted to the Journal of the American Ceramic Society 
Jing Zheng1,6, Ozer Unala, Mufit Akinca"b 
Abstract 
Green state joining of silicon carbide was investigated using a paste consisting of 
polycarbosilane polymer and silicon carbide powder. The joining process and densification 
were described. Initial experiments resulted in the formation of symmetrical black bands and 
cracks on either side of the joint. However, with modifications in processing conditions, the 
cracks were eliminated and the resulting joints were indistinguishable from the matrix. The 
Flexural strength of joined samples was measured to be 234 MPa, which is comparable to 
that of the control sample with similar density. As the applied pressure during joining was 
increased from 34 to 138 MPa, the strength of the joined samples increased from 180 MPa to 
250 MPa. 
I. Introduction 
Processing of large and complex shapes of silicon carbide (SiC) components is a 
challenge because of machining difficulties. However, by joining small and simple 
components, large and complex shapes can be produced. A significant amount of research 
has already been reported on joining of SiC. The previous work can be viewed in two broad 
a Ames Laboratory and ^Department of Material Science and Engineering, Iowa State 
University, Ames, IA 50011 
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areas: i) joining of dense SiC parts, and ii) joining of SiC parts prior to sintering, also known 
as green state joining. 
In the past couple of decades, an extensive body of work has been reported on joining 
dense silicon carbide parts. The methods in this category include active metal brazing1'2, 
diffusion bonding3, pyrolysis of preceramic polymers4,5, combustion reaction6 and joining by 
microwave heating7"9. Although relatively strong bonding between the joined interfaces are 
obtained, cracks and pores, residual stresses and low-melting grain boundary phases are still 
major concerns limiting their applications, especially for high temperature structural 
applications. 
Green body joining is commonly employed in the clay-based ceramic industry to 
produce complex parts. The superplasticity induced by alkali ions in layered structures 
renders green body joining of clays relatively easy. Advanced ceramics like SiC do not 
exhibit plasticity; and hence, the green state joining of SiC has been overlooked as a method 
of fabricating complex shapes. However, research on solvent welding10 of ceramics shows 
that by dispersing powders in a carrier medium, to some degree, the unique behavior of clay 
based ceramics can be approximated. The work of Foley et al 11 on joining silicon nitride and 
silicon carbide by the Slip/CIP method indicated that green state joining is potentially a 
viable method. The green state joining offers several advantages over joining of dense 
ceramics. First, shape forming is easier in the green state with a suitable binder. Second, 
particle rearrangement at the joint may be achieved by capillary or external pressure, which 
may lead to a joint that has a similar microstructure as the bulk material. Third, mechanical 
properties of the joint may be improved due to small differential shrinkage and absence of 
impurity phases. This paper describes a process that utilized a slurry of silicon carbide and 
polycarbosilane polymer to join silicon carbide compacts prior to sintering. 
II. Experimental Procedures 
I. Materials and Specimen Preparation 
The powders for the green compacts were composed of 95 vol % SiC (HSC-0590(s) 
Superior Graphite, 1 jam) and 5 vol% Polycarbosilane, PCS, (Nippon Carbon Co., Molecular 
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weight 1470) as a binder:. The powders were mixed together with hexane and ultrasonically 
blended for 5 minutes to- assure homogeneous coating of SiC with PCS. The mixture was 
then dried at 90°C for 241 hrs. The dried powder was sieved through a No. 100 mesh 
(<150fim) screen. Green compacts for joining experiments were obtained by uniaxially 
pressing 13g powder at 34.5 MPa in a 25 mm diameter stainless steel die and then cold 
isostatically pressing (CUP) at 138 MPa. To increase the compositional contrast for 
microprobe measurement, alumina compacts containing 5vol%PCS are prepared by the same 
procedure. 
The joining slurry consisted essentially same constituents as the compacts being 
joined except that the fraiction of PCS used was much higher and hexane was replaced with 
toluene. Equal volumes of SiC and PCS were stirred with toluene, ultrasonically blended and 
dried. The dried powder- was then re-ground and sieved through No. 100 mesh screen. The 
joining slurry (paste) was made by mixing the above powder with toluene at the ratio of 0.3 g 
toluene per gram powder:. 
2. Joint Preparation 
Before joining, thme green compacts were wetted with toluene (0.08 g toluene/cm2). 
This step is thought to be beneficial for optimizing the wetting characteristics of the green 
compacts and retarding tlie evaporation of the solvent in the paste. In order to achieve a 
uniform PCS distributions and a slow drying of the paste, a controlled atmosphere of the 
saturated toluene environment (STE) was employed. The green compacts were conditioned in 
the STE for about 20 hovers before joining process. Immediately after applying the joining 
paste (0.04 ml/cm2), sanrples was CIPed at 138 MPa for 2 minutes and placed in a dessicator 
with a controlled atmosp&ere of STE for overnight. 
3. Pyrolysis and Sintering 
The pyrolysis of the joined samples was carried out in a flowing argon atmosphere 
(Ultra High Purity (UHP%) argon, Air Products) at a heating rate of 5 °C/min to 1200°C and 
held for 2 hrs at the temperature. Then the samples were sintered under flowing UHP argon 
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by heating at a rate of 20 °C/min to 2000 °C and dwelling at this temperature for 40 minutes. 
The sintered density of the joined sample was determined by the Archimedes' method. The 
sintered densities of the samples ranged between 82 and 84% of theoretical. 
4. Joint Characterization 
The flexural strength of the joined samples was measured by four point bending with 
10 mm inner and 20 mm outer spans at a displacement rate of 0.4 mm/min. The 
concentration of PCS in the matrix around the joint was mapped by microprobe and the 
microstructures of the joints were studied by optical and electron microscopy. 
m. Result and Discussion 
1. Black Band Formation 
Figure 1 shows a typical example of sintered joints from the initial experiments where 
the joint was not pretreated in STE before joining. The figure indicates that black bands were 
formed on either side of the joint. Also, numerous cracks perpendicular to the joint line were 
observed at the black band region. The shape and orientation of the cracks indicates that the 
black band region was under tensile stress along the band. In order to understand how the 
black bands were formed, the compositional distribution of Si in the green compacts after the 
wetting process was mapped using an electron microprobe. To eliminate the contribution of 
Si from the SiC matrix material, the SiC matrix was replaced with alumina (ALO3) powder 
having a similar particle size and the same volume fraction of PCS. The Si/Al ratio obtained 
by microprobe line scanning was then converted to the PCS concentration in weight percent 
along the measuring path. Figure 2 shows the PCS distribution in the AI2O3 green compact 
after the wetting process. An enhancement in PCS can be observed in the matrix away from 
the surface, which was attributed to the PCS segregation during wetting by toluene. 
An approximate model based on chromatography was applied to model the PCS 
segregation. In chromatography, a solution flows through a porous media leading to two 
competing processes: adsorption of solute by the stationary phase; and dissolution of the 
adsorbed solute into solution as the liquid moves through the porous media. Semi empirical 
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tower theory is used to model and calculate the distribution of the solute in the porous media. 
With minor modifications, this theory may be applied to explain the PCS segregation in 
joined samples. 
Partition coefficient, EC, reflects the ability of the mobile phase to retain the solute. It 
is defined as the ratio of solute in the mobile phase to solute in the stationary phase. For our 
system, it is expressed as: 
K=(PCS in toluene)/(Total PCS in a given plate, NO 
Number of plates, N, is defined as the number into which the SiC compact is divided 
along the solvent diffusion path. Amount of the solvent and the flow characteristics of the 
solid phase determine the appropriate value for N. The concentration, C0, is the initial solute 
concentration in the porous media. 
Several assumptions are made to simplify the calculation: i) The mobile phase enters 
the porous compact in the form of drops and each drop will completely fill the pores of a 
plate, ii) the solute partition is fast that the equilibrium is reached in a relatively short time, 
iii) the partition coefficient, K, is dependent on adsorption characteristics of the solute. 
In this model, the porous SiC compact is viewed as a series of plates. Initial state 
satisfies the following boundary conditions: 
PCS in toluene (CL): PCS in SiC plates (Cs): 
CL=0 Cs(n)= C0 n=l,2, 3 
When a toluene drop enters the first plate, PCS is partitioned between toluene and SiC 
compact. Following distribution will be established: 
PCS in toluene (CL): PCS in SiC plates (Cs): 
CL( 1 )= C0*K Cs( I )= C0*( I -K) 
Cs(n)= C0 n=2,3,4 
This process will be repeated in succession as the solution moves along the porous 
media. For instance, the following concentrations are established for the third drop: 
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PCS in toluene (CL): 
Cl(1)=C0*(1-K)2*K 
CL(2)= C0*[(1+K)*(1-K)+K*(1-K)]*K 
Cl(3)= CO*[1+(1+K)*K]*K 
PCS in SiC plates (Cs): 
Cs(l)=C0*(l-K)3 
Cs(2)= C0*[( l+K)*(l-K)+K*( l-K)]*( L-K) 
Cs(3)= C0*[1+(1+K)*K]*(1-K) 
Cs(n)= C0 n=4,5,6 
In the above expressions, an appropriate value for K needs to be assigned. Since the 
value of K is a representation of relative concentration of solute in the solution, it can be 
estimated from the Freundlich equation12 which is given by: 
W=aCn (1) 
Where W is the weight of solute adsorbed per unit weight of adsorbent and C is the 
concentration of solute in the solution at equilibrium. Combining the above equation with 
the definition of the partition coefficient one gets: 
K=l/(l+(3Cn"1) (2) 
Where (3=amp, and mp is the mass of an individual plate under consideration. 
Realizing that a finite but significant level of PCS will remain adsorbed (i.e. can not 
be stripped from the surface of SiC), a residual concentration, Cr, was incorporated into the 
model. This residual concentration is equal to the lowest concentration in the measured 
profile. The calculated profile based on the derived model was superimposed on the 
measured PCS profile and shown as solid curve in Figure 2. The calculated profile appears to 
agree well with the measured profile, suggesting that the chromatography model can simulate 
the black band formation reasonably well. The minimum in the measured concentration 
profile near the surface is believed to be due to evaporation of toluene from the surface that 
model does not take into account. 
The schematic diagram depicted in Fig. 3, illustrates a plausible mechanism for the 
segregation of PCS on either side of the joint to form the black bands and consequent crack 
formation after sintering. When the green compacts were wet with toluene, in which PCS is 
completely soluble, PCS which coats on the SiC particles in the matrix is swept by toluene as 
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it diffuses inward the matrix and precipitates out PCS as it evaporates, resulting in high 
concentration of PCS at the black band regions. Further work on the pressureless sintering of 
SiC indicated that the sintered density of the matrix increases with increasing PCS content. 
Thus higher shrinkage at the black band area leads to residual stresses after sintering and 
results in processing cracks as shown in Fig. 1. 
The microstructure of the joint sample with the black band is shown in Fig. 4. The 
SEM observations verified that the black band region had a higher density (Fig. 4a) than that 
of the joint (Fig. 4b) and matrix in between (Fig. 4c), resulting from the PCS segregation at 
the band region during wetting process. The image analysis conducted on the micrographs 
showed that the densities of black band, joint and matrix were about 92%, 86% and 84% of 
the SiC theoretical density, respectively. 
Since the porosity influences both the elastic modulus and thermal expansion 
coefficients, the regions of black band, joint and matrix could be viewed as three separate 
phases with different thermomechanical properties. This is critical to understand the crack 
formation in the black band region, as the stresses leading to the observation are believed to 
be generated during cooling from the sintering temperature. An attempt was then made to 
correlate the formation of tensile cracks in the black band region to thermal stresses due to 
differential shrinkage in the joined specimen. The elastic moduli of regions were calculated 
according to following relationship given for ceramic materials13: 
E  E,( l—P) 2  
(l + (2-3v)p) 
where Eq, p, v are the elastic modulus of dense SiC (450 GPa), the fractional porosity 
and Poisson's ratio, respectively. Although the porosity appears to lower the thermal 
expansion coefficient14'15, this relationship has not been clearly established yet. As a result, 
we assumed the values of the thermal expansion coefficient based on density variations. The 
stress analysis of the joining assembly was carried out by two dimensional finite element 
analysis (FEA). The specimen was modeled as two-dimensional plane-strain using an 8 node 
structural element. During modeling, the symmetrical distribution of regions in the specimen 
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(Fig. 1) was exploited. So the model of the entire specimen was reduced to only one-fourth 
due to use of two symmetrical boundary conditions. To improve the accuracy of calculations 
in the model, particularly at the black band and joint regions, mesh grading and refinements 
were carried out. The thermal stresses were calculated for temperature difference of 
AT=TSintenng — Troom=1980°C. The material properties used in FEA calculations are tabulated 
in Table 1. 
Figure 5a shows the geometry of the joined specimen, including the model prepared 
for the FEA calculations. Since the cracks within the dark band in Fig. 1 formed 
perpendicular to the axis of this band, the calculations were made to predict these stresses. 
Figure 5b shows the calculated stress profile along a path from the free surface of the joint 
assembly to the middle of the joint region. The relevant normal stresses (CTxx and (Tyy) and in 
plane shear stress (rxy) are included in Fig. 5b. It is clear that CTyy andtxy are negligible along 
the path, while the CTxx is small at the free surface, but exhibits a large peak at the band region 
with a magnitude of about 240 MPa. Similarly, CT%% also shows a stress peak of about 50 MPa 
at the joint. The calculated peak tensile stress in the black band in Fig. 5b is larger than the 
flexural strength of the base material used as a joining material, indicating that the residual 
thermal stresses could lead to such cracks. 
In order to eliminate the black band and the crack formation, several joints were 
prepared without wetting or by employing solvents that had no PCS solubility. However, in 
all cases, joints with excessive cracks and voids in the joint area were observed. These 
observations have led to the conclusion that the material transport across the joint-matrix 
interface which has taken advantage of the presence of soluble wetting agent, is essential for 
formation of dense, crack-free joint. To avoid defect formation in the joint or adjacent 
matrix, the green compacts were conditioned in saturated toluene environment prior to 
joining process. It appears that conditioning the green compacts in a STE prevents PCS from 
being swept away by the wetting agent (toluene). Hence, homogeneous distribution of PCS 
across the joint and in the matrix was achieved. Figure 6 shows the cross section of the 
polished joint obtained by conditioning the sample in STE overnight. As evident from Fig. 6, 
the joint region is indistinguishable from the matrix. The location of the joint, as shown by 
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the arrows, was marked by the excess joining material at the outer edge of the sample. 
Figure 7 is the SEM micrograph of the polished surface of the joint at a higher 
magnification. The line indicates the interface between the joint and the matrix. Due to 
excess free carbon formed by the decomposition of PCS in the paste, the joint region showed 
a faint dark band when imaged with Back Scattered Electrons (BSE) indicating the location 
of the joint. Figure 7 clearly indicates that the joint has the same density and microstructure 
as the matrix and is completely indistinguishable from it. Closer observation of the matrix-
joint interface reveals that some elongated grains extend from the joint to the matrix phase, 
resulting in uniform microstructure across the interface. The presence of the large amount of 
elongated a-SiC grains suggests that the sintering temperature is well above the (3 to a-SiC 
transformation. The distribution of the pores shows no preference between the joint and 
matrix, and the porosity estimated by the image analysis agrees with the measured density of 
84 %TD. The low density of the sample is a concern that needs to be addressed in order to 
achieve the full potential of this joining process. 
2. Joint Strength 
Strengths of the joined samples were measured by the four point bend test and 
tabulated along with that of the control samples prepared the same way except for joining. 
The strength values listed in Table 2, ranging between 196 and 234 MPa, are typically lower 
than the 300 to 400 MPa values reported for presureless sintered, dense SiC. This difference 
is attributed to the low sintered density of the joined samples, as discussed in the previous 
sections. The strengths of the joined samples however compare well to that of the control 
samples that were prepared from the same composition and procedure, and therefore have the 
similar density. Of the nine bars from joined samples tested, only two were broken near the 
joint. The slightly higher strength measured for the joined samples may be attributed to the 
presence of larger amounts of nanometer scale SiC formed from the decomposition of PCS in 
the paste. Table 2 also shows that the average strength of the joined samples at 1000°C was 
209.4 MPa. Although the data are not sufficient to make conclusive remarks, the strength of 
the joints is retained at elevated temperatures at least up to 1000°C. 
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3. Influence of Applied Pressure on the Joint Strength 
All the joining trials done using a mixture of PCS and SiC as the joining material 
indicated that an external pressure (uniaxial or isostatic pressing) is needed to obtain thin, 
crack-free joints. In order to assess the influence of joining pressure on the strength of the 
joint, joined samples were subjected to various levels of CIPing pressure. Figure 8 shows the 
influence of applied pressure on room temperature strength of the joined samples. It is clear 
that the flexural strength of the joined samples increases with the increasing applied pressure. 
Dependence of strength on applied pressure during application of the joining paste appears to 
be linear: the strength increases from 180 MPa to 250 MPa as the applied pressure increased 
from 35 MPa to about 138 MPa. 
IV. Summary 
Samples that were joined by PCS and SiC paste with toluene as the solvent and 
wetting agent resulted in black bands symmetrical around the joint and usually associated 
with perpendicular cracks in these bands. The formation of black bands was attributed to the 
segregation of PCS in these areas resulting in higher density and/or carbon content. This in 
turn, results in differential shrinkage during sintering and development of residual stresses 
which manifest themselves as lateral cracks upon cooling. The possible formation of such 
cracks during cooling was demonstrated by a finite element model. Treatment of joints in 
STE overnight eliminated the formation of black bands and cracks. The microstructures 
obtained by this process were quite uniform but not fully dense (82-84 % TD) and joints were 
indistinguishable from the matrix. The strengths of the joints were determined to be about 
234 MPa at room temperature and 209 MPa at 1000°C. These strength values are somewhat 
lower than that reported for dense SiC articles but comparable to those with similar density. 
The strength of the joined samples increased with joining pressure from 180 MPa to 250 
MPa. 
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Figure: captions: 
Figure 1. Black band and crack formation in SiC joint. Note the black bands are symmetric 
around the sintered joint, (only a fraction of tlhe joint is shown in the figure) 
Figure 2. Distribution of PCS binder measuresd by microprobe in the AI2O3 green compact 
after wetting process 
Figure 3. Schematic of the black band and crack formation in the joined samples (B.B. : 
Black Band) 
a) Joint before pyrolysis, b) Joint after pyroflysis, c) Joint after sintering 
Figure 4. The SEM micrographs of the joined! sample after sintering (the bars are 10 Jim ) 
a) Band region (92%TD), b) Joint region (286%TD), c) Matrix in between (84%TD) 
Figure 5. The FEA simulation of the crack fonrmation in the joint assembly 
a) The finite elemental matrix applied on the: geometry of the joint assembly 
b) Residual stress distribution around the joimt. 
Figure 6. Macroscopic view of the joint obtaimed with treatment in a STE overnight, (on 
centimeter scale.) The arrows show the approximate position of the vertical joint. 
Figure 7. SEM micrograph of polished surfacee of the joint with treatment in a STE overnight. 
The line shows the joint/matrix interface and «the triangles indicate the grains across the 
interface. 
Figure 8. Variation of flexural strength of the Joint with applied pressure 
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Table 1. The physical data employed in the Finite Element Analysis (FEA) of the joint 
assembly. 
Elastic Modulus 
(GPa) 
Thermal Expension Coefficient 
(xlO"6/ °C) 
Thickness 
(mm) 
Matrix 250 3.7 42 
Black Band 355 4 1.0 
Joint 288 3.8 0.8 
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Table 2. The flexural strength of the joined and control samples 
Sample Joined sample Joined sample Control Sample 
(R.T.) (1000°C) (R-T.) 
Flexural Strength 234 ±16 209+42 196±12 
(MPa) (9 bars) (4 bars) (8 bars) 
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CHAPTERS: 
GREEN STATE JOINING OF SIC WITHOUT APPLIED PRESSURE 
A manuscript submitted to the Journal of the American Ceramic Society 
J. Zheng and M. Akinc* 
Abstract 
External pressure (uniaxial or isostatic) is usually necessary to form thin and defect 
free joint in green state joining of SiC ceramics. In this paper, a successful method of joinin 
of SiC in green state using liquid polymer precursor (AHPCS) without applied pressure is 
described. The thermal decomposition behavior of the polymer was examined and defect 
formation during joint evolution was investigated by interrupting the heat treatment at 
different stages. Cracks and pores were observed in the joints formed by pure AHPCS 
during the pyrolysis of the polymer precursor. Adding SiC powder in the joining paste 
eliminates the defect formation. Optimum SiC loading in the paste was determined to be in 
the range of 25 to 35vol%. Joints formed by AHPCS+(SiC+5wt%B) paste were essentially 
indistinguishable from the matrix and had an average strength of 323 MPa, comparable to 
that of the control sample. 
I. Introduction: 
As an effective way to produce large and complex shapes of SiC, joining of SiC has 
always been challenging. The difficulties are partially due to the fact that silicon carbide 
components are mostly required to perform at very high temperatures. Hence, no low meltin 
temperature phases can be tolerated as joining materials. Without the presence of a liquid 
*Ames laboratory and Department of Materials Science and Engineering, Iowa State 
University, Ames, IA 50011 
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phase at the joint interface, mass transfer is limited to solid state diffusion and sound joints 
are difficult to achieve due to extremely low diffusivities for SiC even at high temperature1. 
In addition, the fracture toughness of silicon carbide (2.2 - 4.4 MPa ml/2) is lower than that 
of other structural ceramics2, such as silicon nitride and alumina. Therefore, SiC is more 
prone to stress induced cracking. Furthermore, the chemical inertness of SiC makes reaction 
bonding difficult. 
In the past couple of decades, extensive body of work was reported on joining dense 
silicon carbide parts. The earliest successful method to join SiC might be the active metal 
brazing.3,4 Usually Ti was used to improve the wettability of the Cu-Ag filler. Strong joints 
were obtained by this method. However, TiC and TySi] were observed at the joint5 and 
caused problems as secondary phases. The oxidation of TiC at high temperature caused 
decrease of the flexural strength and fracture toughness6. Additionally, the presence of metal 
(such as Cu and Ag) at the joint limits the high temperature application. To avoid the 
presence of the impurities at the joint, diffusion bonding of SiC by either hot isostatic 
pressing7 (HIP) or hot pressing8 was studied in detail. The joints obtained by diffusion 
bonding have shown high strength and high temperature stability, but, the high process 
temperature and pressure are proved to be crucial to the method. Broad application of this 
method is questionable since the cost of hot pressing or HIP process is high and shapes that 
can be achieved are limited. Another commonly used method for joining SiC is reaction 
bonding, which is based on the chemical reaction between a filler material and the SiC matrix 
to form the bond between two matrix surfaces. The most successful example of this method 
is a modified tape casting procedure developed by Rabin9. In this method, a tape of SiC and 
C is inserted between two surfaces and silicon chunk is placed around the joint. The reaction 
of Si + C —> SiC occurs when molten silicon infiltrates into the joint at high temperature. 
The strength of the joints was comparable to that of the control sample at the ambient 
temperature, but decreased sharply above 1200°C due to the softening of the excess silicon at 
the joint10. In addition to the methods described above, pyrolysis of polymer precursor11 and 
microwave joining12 are also used to join sintered SiC, however, strength comparable to that 
of matrix material is seldom achieved. 
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Green state joining of SiC has, to a large extent, been overlooked as a method to 
produce complex shapes due to the lack of the plasticity exhibited as in clay based materials. 
However, research on solvent welding13 of ceramics show that by dispersing powders in a 
carrier medium, to some degree, the plastic behavior of clay based ceramics can be 
approximated. But, no strength data for the resulting joints was reported. The work of Foley 
et al14 on joining silicon nitride and silicon carbide by the Slip/CIP method indicated that 
green state joining is potentially a viable method. Our previous research15 on joining SiC 
green compacts using polycarbosilane (PCS) containing paste has also shown promising 
results. The joints obtained were indistinguishable from the matrix material and the joint 
strength was 401 MPa and 379 MPa at room temperature and 1000°C, respectively, 
comparable to that of the control samples. However, an external pressure (uniaxial or 
isostatic) was necessary to form thin and crack-free joint, which was considered to be 
limiting the shape forming capability of this technique. 
In this work, a successful method of joining SiC articles in green state using 
Allylhydridopolycarbosilane (AHPCS) containing pastes without applied pressure is 
reported. The thermal decomposition of the polymer and the effect of SiC loading in the 
paste are also discussed. 
II. Experimental Procedures 
1. Materials and Specimen Preparation 
The green compacts to be joined were composed of 85.7 vol% SiC powder (Superior 
Graphite, HSC-0590), 4.5 vol% polycarbosilane (Nippon Carbon Co.), 9.1 vol9ë phenolic 
resin (Oxychem) and 0.7 vol% Boron (Callery chemical Co.). The components were mixed 
together with acetone and ball milled with tungsten carbide balls for 24 hours to assure 
homogeneous distribution of additives. The mixture was dried at 90°C after ball milling and 
then sieved through No. 100 mesh (<150 micron) screen. Green compacts were obtained by 
uniaxially pressing 13g powder at 34.5MPa in 25mm diameter stainless steel die and then 
cold isostatically pressing (CIP) at 138MPa. The compacts formed this way had 
approximately 60 — 65% theoretical density of SiC. 
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The compositions of the AHPCS containing pastes used are given in Table 1. The SiC 
powders in the paste were sieved through No. 400 mesh screen (<37 micron) and mixed with 
AHPCS using a spatula. For boron containing paste, boron powder and SiC powder were first 
spex milled for 30 minutes and the mixture was reground and sieved through No.400 mesh 
screen. Before applied, the paste was sonicated for 40 minutes to obtain homogeneous 
mixture. 
2. Joint Preparation 
Before joining, the pastes were outgased for about 10 minutes. About 0.2 mL paste 
was applied to each of the surfaces using a syringe or spatula, depending on the consistency 
of the paste. The compacts were joined after five minutes. Only slight hand pressure was 
needed to squeeze out the excess paste. The joined sample was then placed in a furnace to 
cure and pyrolyze the polymer. 
3. Pyrolysis and Sintering 
A slow pyrolysis profile was carried out in the flowing argon atmosphere (Ultra High 
Purity argon, Air Products) to prevent the possible defect formation. Samples were first 
heated to 400 °C at a rate of 50 °C/hr and held for 2 hours at this temperature. Then it was 
heat up to 1100 °C at a rate of 60 °C/hr and held for another 2 hours. Finally, the 
temperature was raised to 1250 °C at a rate of 150 °C/hr and held for 2 hours. The samples 
were then cooled to ambient temperature at a rate of 150 °C/hr and transferred to the 
sintering furnace. The samples were sintered under flowing UHP argon by heating at a rate of 
15 °C/min to 2150 °C and dwelling at this temperature for 40 minutes. The sintered density 
of the joined sample was measured by the Archimedes' method. The final densities of the 
samples were measured to be in the range of 93 — 94% of theoretical density. 
4. Joint Characterization 
Flexural strength of the joined sample was measured by 4 point bending with the "A" 
configuration of ASTM with 10 mm inner and 20 mm outer spans at a displacement rate of 
0.4 mm/min. The joint plane was in the middle of the test bars and perpendicular to the 
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neutral plane. Evolution of the joint microstructure was studied by interrupting the heat 
treatment at several temperatures and observing the fracture surface with Scanning Electron 
Microscope (SEM). 
III. Results and Discussion: 
1. Pyrolysis of AHPCS Polymer 
The AHPCS used in the paste material is a liquid polymer precursor of SiC. It 
undergoes crosslinking on heating under an inert atmosphere between 200 to 400 °C to yield 
a yellowish hard solid. Upon further heat treatment, it can be pyrolyzed under UHP argon to 
produce a near stoichiometric "SiC" at 1000°C. Figure 1 shows the mass yield of the 
polymer as a function of thermal decomposition temperature. The figure indicates that most 
of the weight loss (from 100% to 82.4%) occurs below 400°C, the curing temperature. The 
weight loss is mainly due to the loss of low molecular weight oligomers and H%, leading to 
the crosslinking of the polymer16. With pressurized atmosphere during the curing, the loss of 
low molecular weight oligomers is controlled and higher polymer yield is obtained 
(Autoclaved sample in Figure 1). Weight loss was almost linear up to 650°C. There is hardly 
any weight change between 650 to 1250°C, indicating the end of the thermal decomposition. 
Further weight loss between 1250 to 1600°C was attributed to the evolution of SiO due to 
oxygen that may have been incorporated during the synthesis of the polymer16. 
Figure 2 shows the crystallization of the AHPCS during thermal decomposition. The 
X-ray diffraction of the residual material at 650°C indicated that SiC structure was not well 
developed in the material at this temperature. At about 850°C, the peak observed began to 
shift toward the (3-SiC position. However, the broad peaks still suggest that the material is 
primarily amorphous SiC. With further increase in the decomposition temperature, the peaks 
are sharpen and (2 2 0) and (3 1 I) peaks were resolved at 1100 °C and 1250 °C, indicating 
that the amorphous SiC was partly crystallized and started to grow. The material is 
completely crystallized at 1600 °C as indicated by sharp peaks of (3- SiC. 
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2. Joint Evolution 
Preliminary experiments conducted on joining SiC using pure AHPCS (paste 1 in 
Table 1), exhibited lots of cracks and pores in the joint. To better understand the defect 
formation during joint evolution, experiments were interrupted at different heat treatment 
stages and fracture surfaces of the joints were observed using SEM. Figure 3 shows the cross 
section of the joints after curing (400°C) and pyrolysis (1000 °C). In Figure 3 a, a black, 
glassy joint which is formed by the crosslinked AHPCS polymer, is clearly seen. No defects 
were observed in the joint, suggesting that weight loss, which mainly happened in this 
temperature range, was not the primary cause for the defects observed in the final joint. 
Figure 3 b shows the microstructure of the joint after pyrolysis (1000 °C). Both pores and 
cracks are observed in the joint, indicating that the defects were initiated during pyrolysis. 
The formation of the pores and cracks was attributed to the significant change of the true 
density of the polymer during pyrolysis, which was caused by the organic (~ 1.0g/ml) to 
inorganic (~2.9g/ml) conversion17. 
In order to eliminate the defects, SiC powders were added in the paste as an inert 
filler material to decrease the thermal stress caused by the large volume shrinkage observed 
during pyrolysis. Figure 4 shows the microstructure of the joints formed by AHPCS+SiC 
paste (paste 2 in Table 1) after curing (Figure 4 a) and after pyrolysis (Figure 4 b). No cracks 
or pores were observable in the joint, indicating that the defects initiated in pure AHPCS 
joints during pyrolysis were controlled by reducing the shrinkage during pyrolysis by SiC 
powder addition. 
Figure 5 shows the schematic drawing of the joint evolution we propose for joining 
SiC using AHPCS containing pastes. During joining, a fraction of the liquid AHPCS polymer 
infiltrates into the pores of the matrix under capillary force. Infiltration of AHPCS is believed 
to be beneficial for blurring the joint/matrix interface and leads to the formation of an 
indistinguishable joint microstructure. After curing, the polymer is converted to a hard solid 
and initial bonding between two joined compacts is formed. Further heat treatment 
transforms the polymer into SiC and makes it sinter along with the matrix, forming a strong 
bond between the parts. 
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3. Effect of SiC Addition to AHPCS in Paste Preparation 
Assuming that no porosity was produced and no reaction occurred between AHPCS 
and SiC during the polymer pyrolysis, the volume shrinkage of the polymer, a, can be 
expressed as: 
a =  V o  ~  V l  =  l - M I  c i )  
Vo Pi 
Where, Vo and Vt are the volume of polymer before and after pynrolysis respectively. 
Similarly, p0 and pt are the true density of polymer before and after pyrolysis, Tj is the mass 
yield of the polymer after pyrolysis (expressed as fraction). 
Hence, the volume shrinkage of the paste with SiC filler material, dtp, can be 
expressed as: 
(v
° + vSiC}-(Vl - VSiC ) = a(1 _ ^  (2, 
V0 - vSiC 
Where Vsic is the volume and ({) is the volume fraction of SiC powders in the paste. 
The above equation predicts that the volume shrinkage of the paszte decreases with 
increasing the SiC volume fraction. Therefore, high SiC loading in the paste is preferred to 
prevent the defect formation during pyrolysis. On the other hand, the increase in SiC volume 
fraction will increase the viscosity of the paste due to the friction betwee=n the SiC particles, 
leading to thick and loosely packed joint. Hence, an optimum amount of SiC that can take 
advantages of both decreasing differential shrinkage and resulting in thim, dense joint needs 
to be determined. 
Table 2 summarizes the paste compositions and quality of resultimg joints obtained at 
several levels of SiC loading. The data shows that, when the SiC loadings was lower than 
25vol%, the joints can not survive the sintering process. The paste with ;SiC loading higher 
than 35voI% has essentially no flowability , leading to a thick joint with «excessive defects. 
Optimum joints were obtained with pastes containing 25vol% to 35vol%- SiC. 
3.3 Joint Microstructure and Mechanical Properties 
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Figure 6 shows the typical microstructure of the joints formed by AHPCS containing 
paste, where arrow indicates the approximate location of the joint region. In Figure 6 a, joint 
shows no crack, though the porosity of the joint is higher than that of the matrix. This was 
attributed to the lack of sintering additives in the paste. No sharp joint/matrix interface was 
observed indicating significant interdiffusion between the matrix and joint during sintering. 
Figure 6 b shows the polished cross section of the joint formed by pastes with addition of 
boron (5% by weight of SiC powder), where the joint appears to have the same density of the 
matrix and is essentially indistinguishable from the matrix. 
Test bars were machined from the joined samples formed by AHPCS containing 
pastes with the joint plane in the middle of the test bars and is perpendicular to the neutral 
plane. The strength of the joined samples that is determined by four point bending test is 
shown in Figure 7. The average strength of the joint formed by S iC+AHPCS (without boron 
addition) was 239±69 MPa and 2 out of 5 samples were broken at the joint. This is attributed 
to the higher porosity in the joint region, which led to a weaker joint. The average strength of 
the joint formed by AHPCS+(SiC+5wt%B) was 323±16 MPa, comparable to that of the 
control sample (as in Fig. 7). None of the 4 samples were broken at the joint, suggesting that 
the joints were no longer the weak region in the samples. The strength obtained in this study 
is also comparable to those reported results of the joints formed by HIP7 or CIP15 method. 
Because of the absence of the external pressure, the method offers more flexibility in forming 
SiC components with complex shapes. 
IV. Summary 
A method of pressureless joining SiC in green state was developed using AHPCS 
containing paste. Investigation on defect formation during joint evolution indicated that 
cracks and pores at the joint formed were initiated during pyrolysis of the polymer and 
associated with large volume shrinkage during this stage. Incorporating SiC powder into the 
paste reduces the shrinkage and hence eliminates the processing defects. The optimum 
amount of SiC in the paste was determined to be between 25 to 35 volume percent. 
Microstructural observation indicated that joint formed by AHPCS+SiC has higher porosity 
than that of the matrix, while the joint formed by AHPCS+(SiC+5wt%B) was essentially 
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indistinguishable from the matrix. The average strength of the latter joint was determined to 
be 323 MPa, comparable to that of the control sample. 
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Figure Captions: 
Figure 1. The decomposition yield of the AHPCS polymer at different temperatures. 
Pyrolyzed in flowing argon (•) and in an autoclave with 7 MPa argon (H) 
Figure 2. The crystallization of the AHPCS polymer with heat treatment at different 
temperature. 
Figure 3. The Microstructure of the joint formed by AHPCS paste at different heat treatment 
stages. 
a) Fracture surface after curing; No defect was observed 
b) Fracture surface after pyrolysis; both pores and cracks can be observed 
Figure 4. The addition of SiC powder in the paste prevented the defect formation initiated 
during pyrolysis 
(arrows indicate the approximate joint position) 
a) Fracture surface after curing; No defect was observed 
b) Fracture surface after pyrolysis; NO pores or cracks were observed. 
Figure 5. The schematic representation of the proposed joint evolution in green state joining 
of SiC using AHPCS paste 
Figure 6. The microstructure of the joints formed after sintering at 2150°C 
(arrows indicate the approximate joint position) 
a) Joint formed by AHPCS+SiC; Interdiffusion between the joint and matrix is observed, 
while the porosity in the joint is higher than that in the matrix 
b) Joint formed by AHPCS+SiC+B; The joint is indistinguishable from the matrix 
Figure 7. Flexural strength of the samples joined by AHPCS pastes and control sample. The 
two data points with <r<200MPa represent the samples that fractured at the joint. 
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Table 1. The composition of three pastes used in green state joining of SiC 
Paste Components Composition, vo % 
# AHPCS SiC Boron 
1 AHPCS 100 0 0 
2 AHPCS+SiC 70 30 0 
3 AHPCS+(S iC+5wt%B) 70 28 2 
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Table 2. The effect of the SiC content of the paste on the resultant joint quality. 
Paste 
Sample 
SiC 
(g) 
AHPCS 
(g) 
SiC Loading 
(vol%) 
Joint Condition after Sintering 
1 0.21 0.60 9.4 The joint fell apart 
2 0.32 0.44 18 The joint fell apart 
3 0.55 0.44 27 No visible cracks. The porosity of the joint is lower 
than that of matrix. 
4 0.70 0.44 32 Similar as sample 3 
5 0.85 0.44 36 A few visible cracks. The porosity of the joint is 
lower than that of matrix. 
6 0.95 0.44 39 Paste is too viscous to be uniformly applied on the 
joined surfaces. 
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CHAPTER 4: 
X-RAY TOMOGRAPHIC STUDY ON GREEN STATE JOINING OF SIC USING 
POLYMER PRECURSORS 
A manuscript to be submitted to the Journal of the American Ceramic Society 
Jing Zheng3*13, Scott Beckmanb'c, Joe N. Graye d, Mufit Akinca-b 
Abstract 
X-ray tomography was used to investigate the density variations in SiC joints formed 
using polymer pastes. It has been demonstrated that this method provides accurate bulk 
density measurements as well as volumetric density gradients. The results suggest that both 
the magnitude of the applied pressure after green state joining and the amount of polymer 
(polycabosilane) in the joining pastes influence the green density of the joints. The green 
densities of the joints are shown to increase from 54% to 66% of theoretical with the increase 
of the applied pressure from ambient to 138 MPa. Highest joint density without applied 
pressure is achieved using paste containing 50vol%PCS. Furthermore, regions with higher 
densities were observed at the joint/matrix interfaces, suggesting that the polymer precursor 
infiltrates into the matrix during the joining process using AHPCS containing pastes. 
3Ames Laboratory and ^Department of Material Science and Engineeringlowa 
cCenter for Nondestructive Evaluation 
^Department of Mechanical Engineering 
Iowa State University, Ames, Iowa 50011 
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I. Introduction 
1. Green State Joining 
Green state joining of ceramics, also known as the co-sintering method, involves 
assembling ceramic parts in the green state through the use of adhesives and/or pressure 
followed by sintering. Early work on green state joining was conducted on thermally 
compressed tapes of alumina. In a study by Boch et al.1, green alumina tapes were joined by 
stacking and compressing them under high pressure and at polymer transition temperature. 
Defect-free, homogeneous joints have been obtained by this method, but application of high 
pressures and temperatures were necessary to ensure good particle interpénétration between 
the layers2-3. Also, a large amount of organic binder was necessarily added to the powders, 
leading to difficulties with binder removal and warpage. 
To overcome these difficulties, several studies have used joining compounds in the 
form of slurries so that particle reorganization at the joint/matrix interface can be achieved by 
capillary force.4"7 Although defect-free joints in the green state were claimed, the strengths of 
the resulting joints were seldom reported. However, in previous research at Ames 
Laboratory, green SiC joints formed with slurries containing polycarbosilane (PCS) were 
shown to be indistinguishable from the matrix and had comparable flexural strengths to that 
of the control samples.6 An external isostatic pressure was necessary to form a thin and 
crack-free joint, which limits the shape forming capability and cost effectiveness of this 
technique. More recently, a liquid polymer precursor, allylhydridopolycarbosilane (AHPCS), 
was employed to join SiC compacts without the need for isostatic pressure7. The joined 
compacts were then sintered, leading to strong joints whose microstructures were 
indistinguishable from that of the matrix. 
2 Characterization of Joints in the Green State 
For better control over the quality of the joints, knowledge of joint evolution in the 
green state is desirable. Although reports on green state joining of SiC have shown its 
potential for fabricating intricately shaped components, detailed descriptions of 
microstructural evolution is occasionally found in the literature. This, to a large extent, was 
attributed to the lack of appropriate characterization methods for studying the structural 
71 
development in the joints. Instead, when joining with slurries, studies have generally 
assumed that the best joints are obtained with slurries whose properties have been optimized 
for slip casting. For example, Goodyear et al8 claimed that, for bonding purposes, the 
optimum joining slurries were those with the lowest viscosity, since in casting experiments 
these slurries produced samples with maximum density and minimum shrinkage. However, 
this assumption neglects the effects of a spatially varying microstructure at the joint/matrix 
interface, and how this would ultimately effect the sintered joint. Also, the shapes and 
thicknesses of the cast samples are significantly different form the joints formed by slurries. 
Two studies have attempted to characterize the microstructural evolution at the joint with 
optical and electron microscopy.7'9 However, since joints are extremely delicate in the green 
state and easily destroyed during sample preparation, these techniques had limited success. In 
addition, these techniques do not provide volumetric information in the proximity of the 
joint, which is extremely useful for analyzing the stress developed during the joining process. 
In this study, the density distribution around SiC joints prior to sintering was 
investigated utilizing x-ray tomographic methods. X-ray tomography is a nondestructive 
method and allows the joint density to be measured in situ. In addition to the nondestructive 
nature of the measurement, measuring the volumetric density distribution around the joints 
with x-ray tomography provides useful experimental data to assess the residual stress that 
might develop at the joint/matrix interface. 
EL Experimental procedure 
1. Powder and Joint Preparation 
Three green compacts with 95vol%SiC and 5vol% polycarbosilane were prepared and 
used to determine the feasibility and limitations of using x-ray tomography for density 
measurements. In order to cover a broad range of densities for x-ray tomography, three 
samples were uniaxially pressed at 34 MP a, two of which were then pressed isostatically at 
138 MPa. All three compacts were pyrolyzed at 1350 °C in an inert atmosphere. One of the 
isostatically pressed sample was then sintered at 2150 °C to obtain a relatively dense 
material. 
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Green compacts used for joining were composed of 85.7 vol% SiC powder (Superior 
Graphite, HSC-0590), 4.5vol% polycarbosilane (Nippon Carbon Co.), 9.1vol% phenolic 
resin (Oxychem) and 0.7 voI% Boron (Callery chemical Co.). The powders were uniaxially 
pressed at 34MPa in a 25mm diameter stainless steel die and then cold isostatically pressed at 
138MPa to form the green compacts. Two kinds of joining slurries, containing either PCS or 
AHPCS, were used. The compositions of the joining slurries are listed in Table 1. A detailed 
procedure for preparing these joining slurries is described elsewhere7. 
The joining slurries were applied on the surfaces of the green compacts, and 
subsequently two compacts were pressed together by hand. Depending on the composition of 
the joining slurry, an isostatic pressure of 0 MPa to 138 MPa was applied after the compacts 
were pressed together. Regardless of slurry composition, all joined compacts were pyrolyzed 
at 1350°C for 2 hours to convert the polymers into SiC and sintered at 2150°C for 40 
minutes. Some joints were sectioned for x-ray tomographic measurement after pyrolysis. 
2. X-ray Tomography for Green Joint Characterization 
( a )  E x p e r i m e n t a l  A p p a r a t u s :  X-ray tomography was employed to investigate the 
volumetric density distribution around joints formed under different processing conditions. 
Figure 1 shows a schematic diagram of the x-ray line scanning system used in this study. The 
x-rays were generated by a brehmsstrahlung x-ray source (HOMX 161) and counted by a 
high purity Ge detector (GL0510R, Canberra Indistries Inc., Meriden, CN). The sample was 
positioned by several high-precision stepper motors (Daedal, Harrision City, PA), and the 
entire process was controlled by a personal computer. 
( b )  S a m p l e  A l i g n m e n t :  The width of the joints was very small (200- 400 (im) 
compared to the thickness of the sample (about 4 mm). Thus, the x-ray beam, joint and 
detector must be aligned well, since a small misalignment would cause unexpectedly large 
errors in the measurement and provide misleading results. Figure 2 illustrates a situation that 
would lead to erroneous conclusions because of a poor alignment. To accurately align the x-
ray beam with the joint, a turntable was installed so that the sample could be rotated. Scans 
of the joint were taken for every one degree of rotation of the turntable. The alignment of the 
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joint was then determined by comparing the joint thickness obtained by the turntable scan 
with that determined from optical observations. Using this method, the misalignment of the 
x-ray beam (illustrated as 0 in Fig. 2) is controlled to within one degree. 
( c )  M e a s u r e m e n t  E r r o r s :  According to Ting10 and Huss11, the errors involved in the 
density measurement using this x-ray line scanning system come from two sources: Poisson 
counting statistics and beam intensity fluctuations. Both errors, if not controlled, would lead 
to unacceptably small signal-to-noise ratios. The Poisson counting statistics are improved by 
increasing the overall photon counts using prolonged counting times. In this research, more 
than one million photon counts were collected for each measured point. The intensity 
fluctuations of the x-ray source was attributed to an unstable power supply and was 
controlled by frequently monitoring the incident x-ray intensity during measurements. In 
addition, measurements were repeated at random positions along the joint to ensure that the 
density distribution was representative of the sample. 
( d )  C o n v o l u t i o n  o f  t h e  D a t a :  To achieve a better spatial resolution in measuring the 
density distribution around the joint using x-ray tomography, the step size used to move the 
sample was smaller than the diameter of the collimator. Consequently, convolution of 
successive density measurements occurred. Both employing smaller collimator and 
computational de-convolution were attempted to eliminate the convolution, but, were 
impractical. In order to illustrate the effect of convolution on the measured density gradient, 
the convoluted density profiles were calculated by an algorithm and shown in Figure 3. The 
profile was simulated with an identical collimator size(150|im) and step size (50 j±m) as used 
in this experiment. As shown in Fig. 3, measured density gradients will be artificially 
broadened, because of the convolution, by a size close to the diameter of collimator 
(approximately I50fim). This suggests that the density gradient at the interface in samples 
can be determined by subtracting collimator size from the measured density gradient. 
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HI. Results and Discussion 
1. Density Measurements by X-ray Tomography 
To justify the capability of x-ray tomography in density measurements, SiC compacts 
with different densities were prepared as described in section IL 1. Rectangular sections were 
then cut from the compacts and examined by x-rays. Because of the uniaxial pressing used in 
sample preparation, density gradients within the compacts are likely. Therefore, several 
points along the pressing direction were selected across the samples for measurement. The 
density value for each point was calculated using the incident and transmitted x-ray 
intensities according to the Beer-Lambert law: 
I(Ei)=I0(Ei)exp[-fi(Ei)px] 
Where I(E$), Io(Ei) and fl(Ej) are the energy-dependent transmitted x-ray intensity, the 
incident x-ray intensity and the mass attenuation coefficient, respectively. E, is the x-ray 
energy level at which the transmitted and incident intensities were collected. In this study, x-
ray intensity (photon counts) was collected over a 30 to 40 keV range with a bin width of 
IkeV. 
The densities calculated using the Beer-Lambert law were then averaged to eliminate 
the effect of point-to-point density variations, and compared with the bulk density obtained 
by Archimedes' method. Three samples with varied densities were measured and the results 
are listed in Table 2. As seen in Table 2, the average density determined with the x-ray 
technique is in excellent agreement with that measured by Archimedes' method. 
2. Effects of External Pressure on Green State Joining 
According to Hellebrand12, applied pressure is crucial for forming homogeneous 
joints in green state joining because it ensures good interpénétration of the powder particles. 
In current study, joining slurries are used to form an interlayer between the green compacts. 
The capillary force caused by the liquid media in the slurry is expected to provide the 
pressure necessary for particle reorganization at the interface. However, previous research at 
Ames Laboratory indicated that the estimated capillary pressure at the joint is insufficient 
(less than 1 MPa), hence, external pressure is still essential for forming an indistinguishable 
75 
joint when PCS containing pastes were employed.6 Furthermore, the flexural strength of the 
sintered joint was shown to increase as the isostatic pressinre, applied in the green state, was 
increased. 
Density gradients in pyrolyzed joints formed under different applied pressures were 
measured by x-ray tomography to determine why the exterrnal pressure is so essential in 
forming sound joints. Since all samples had identical composition, variations in the density 
distributions that were observed by x-ray tomography shoiuld only be due to differences in 
applied pressures. Figure 4 shows the variation in density values of the matrix and joint as a 
function of applied pressure. Although only a slight change in density occurs in the matrix of 
each sample, the density of the joint dramatically increases from about 54% to 66% 
theoretical density (TD) when pressure increases from 0 to 138 MPa. Since the green density 
influences the sintering behavior of the materials, the density variation observed in the above 
joints under different applied pressure could lead to different densities after sintering, and 
hence produce sintered joints with different microstructures and strength. Figure 5 shows the 
density variation around the joint for three levels of applie-d pressure. Vertical axis in these 
plots represents relative deviation of joint density D, from matrix, Do, and normalized with 
respect to theoretical density of the SiC, DSîc- A positive cLeviation implies a higher density 
than matrix, while a negative deviation implies a lower demsity. In this figure, the joint region 
is readily resolved from the matrix when the density of the= joint differs from that of matrix. 
The thickness of the interface region between the joint andl matrix is approximately the same 
diameter as the detecting collimator (about I50|im), suggesting that the density change 
between the matrix and the joint is relatively sharp. This stiarp density gradient may result in 
processing induced stresses at the interface13,14 and thus, is-; not desirable. Furthermore, Figure 
5 reveals an unexpected change in the density of the joint relative to that of matrix: the joint 
density is lower than that of the matrix at 0 MPa, similar to the matrix at 34 MPa, but higher 
than that of the matrix at 138 MPa. This observation leads to a conclusion that less stress is 
produced at the joint with an external pressure of 34 MPa, .since it has a similar green density 
to that of the matrix. However, this does not explain the results from previous research, 
which showed that joint strength increases with applied pressure up to 138 MPa7. The 
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discrepancy maybe attributed to the fact that joint and matrix, though may have similar green 
densities, lead to different densities upon sintering. 
To simulate the sintering behavior of the joint and matrix with different initial green 
densities, monolithic compacts of joining material or matrix material were prepared and 
sintered. Figure 6 shows the relationship between the green density and the corresponding 
sintered density for both the joining and matrix materials. It is evident from this figure that 
the matrix and joint reach different sintered densities with the same green density. It also 
suggests that if the green density of the matrix is fixed as shown in Fig. 4, the sintered 
density of the joint approaches the sintered density of the matrix (as shown by length of 
arrows in Fig. 6) as the green density of the joint is increased. A smaller density difference 
between the joint and matrix should lead to the development of lower residual stress and 
fewer cracks after sintering. This explains why the flexural strength of the final joint 
increases as the consolidation pressure is increased in the green state. This is also consistent 
with ultrasonic inspection of the identical samples, which showed that uniform joints with 
less defects after sintering could be obtained by increasing the isostatic pressure applied to 
the joined sample in the green state15. 
3. Effect of Polymer Content in the Joining Materials 
The need for external, isostatic pressure in green state joining limits the applicability 
of this technique for producing large, intricately shaped components. Thus, the polymer 
content in joining slurries was systematically adjusted in an attempt to eliminate the need for 
external pressure. Figure 7 displays SEM images of the microstructure of the green and 
sintered joints formed by joining materials having three different levels of polymer content. 
Extensive transverse cracks and delamination at the joint/matrix interfaces can be observed in 
the sintered joint produced with slurries containing 10vol%PCS (Fig. 7 a), while the sample 
produced with a slurry of 50vol% PCS (Fig. 7. b) resulted in a crack-free joint/matrix 
interface but a porous joint. Transverse cracks reappear in the joint using a joining material 
of 60vol%PCS (Fig. 7 c). A similar trend was also observed in the joints prior to sintering 
(Fig 7 d-f), suggesting that this variation in the microstructure is present after pyrolysis. 
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Figure 8 shows the density variation measured with x-ray tomography of joints in the 
green state produced with different PCS content. According to the x-ray tomographic data, 
the density of the joint increases from 48%TD to 54%TD when the PCS content in the 
slurries increases from 10vol% to 50vol%. A further increase of PCS to 60vol% results in a 
reduction in the joint density. Since the green density of all the joints is much lower than that 
of the matrix, the sintered joints formed are all readily resolved from the matrix. Also, the 
difference in density between the matrix and the joint reaches a minimum near 50vol% since 
the green density of the matrix is fixed at about 61%TD. As discussed previously, lower 
residual stresses are produced with smaller density differences, the above tomographic 
density data confirms the microstructural observations that more cracks develop at the 
joint/matrix interface in samples joined with slurries of low and high PCS content. However, 
in addition to packing density, defect formation is closely related to other variables, such as 
drying rate and shrinkage during pyrolysis. Because of the large number of variables in joint 
development, a complete description of the effect of polymer content on the quality of the 
final joint can not be made at this time. 
4. Joints Formed by AHPCS Containing Paste 
A successful method for joining SiC in the green state without external pressure has 
recently been developed using AHPCS containing pastes. Relatively strong bonding was 
observed in joints formed with either pure liquid AHPCS, or with paste containing AHPCS + 
(SiC+5wt%B)7. The formation of strong joints was attributed to the infiltration of AHPCS 
into the matrix. 
Assuming that a fraction of the AHPCS at the joint infiltrates into the pores of the 
matrix during the joining process, the decomposition products (primarily SiC) should stay in 
the pores after pyrolysis. This should lead to a measurable increase in the density of the 
matrix. To verify this and address the effect of polymer infiltration on the joint evolution, 
joints formed by pure AHPCS and AHPCS+SiC pastes were examined by x-ray tomography 
after pyrolysis. Figure 9a clearly shows that the region on each side of the joint formed by the 
AHPCS+SiC slurry has a higher density than that of the matrix, and the decrease in density is 
relatively gradual as the distance from the joint increases. Since the original matrix had a 
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fairly uniform density, the regions of higher density around the joint are considered to be the 
areas that were infiltrated by AHPCS. Figure 9 a also shows that the density of the joint 
appears to be slightly higher than that of the matrix. A higher density region can also be 
observed around the joint formed by pure AHPCS (Fig. 9 b) except that the joint/matrix 
interface was not resolved. This may be attributed to either the small thickness of the joint 
(about 10 |J.m) compared to the size of the collimator (150 (im), or to a joint density that is 
similar to its adjacent areas. These results verify that polymer infiltration occurs when joining 
SiC with liquid AHPCS or AHPCS+SiC slurries. Furthermore, the infiltration region 
observed in the above joints exhibits a gradual change in density at the joint/matrix interface, 
which should lead to crack-free joints since stress gradients caused by mismatched thermal-
mechanical properties are reduced. The density distribution obtained here provides useful 
experimental data for future stress analysis. 
IV. Conclusions 
It has been demonstrated that x-ray tomography yields bulk density measurements 
comparable to that of the Archimedes' method. Furthermore, x-ray tomography can be used 
to investigate microstructural evolution at various stages of the processing. Specifically, x-
ray tomography has shown that the green density of the joints increased from 54%TD to 
66%TD with the increasing applied isostatic pressure from 0 MPa to 138 MPa, while the 
density of the matrix remained relatively unchanged. It is believed that the density variation 
in the pyrolyzed joints formed at different applied pressures is a crucial factor that affects the 
quality of the joints formed. In addition to applied pressure, polymer content of the joining 
materials exerts a significant effect on the microstructure of the resulting joints. The joint 
density obtained by x-ray tomography increases initially from 48%TD at 10voI%PCS to 
54%TD at 50vol%PCS, and subsequently decreases to 52%TD with further increase in PCS 
content. Additionally, x-ray tomography provides a new and effective approach for 
investigating polymer infiltration in green ceramics. Specifically, x-ray tomography has 
provided evidence that AHPCS infiltrates into the green SiC compacts after joining. 
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Figure Captions 
Figure 1. Schematic drawing of the x-ray system for tomographic measurement 
Figure 2. Schematic diagram showing the effect of x-ray alignment in joint thickness 
measurement, t: joint width (about 200 (im); t': measured joint width; W: sample thickness 
(about 4mm); 0: the angle between the x-ray beam and the joint plane 
Figure 3. Computational simulated density distributions of two targets after convoluting 
a) Target with sharp density gradient; density gradient after convoluting has a size about 
150pm, close to the diameter of the collimator. 
b) Target with slant density gradient; density gradient after convoluting was artificially 
broadened about 150 p.m. 
Figure 4. Variation of green density of joint and matrix with applied pressure (density of 
matrix was obtained by Archimedes' method, density of joint was obtained by X-ray 
tomography) 
Figure 5. The relative density variation around the joints with selected external pressure 
levels; Note the density gradient at the joint/matrix interface. D0 is the green density of the 
matrix; D is the density at the measuring position; Dsîc is the theoretical density of SiC 
(3.2g/cm3); A positive number indicates a higher density than that of the matrix. 
Figure 6. Sintering behavior of the joining materials and matrix materials having different 
green density. The joining materials were composed of 50vol%PCS and SiC; the matrix 
materials were composed of 85.7 vol% SiC, 4.5 vol% polycarbosilane, 9.1 vol% phenolic 
resin and 0.7 vol% Boron 
Figure 7. Microstructure of the joints formed by joining slurries with varied PCS content 
Joint with: 10 vol% PCS, a) after sintering; d) after pyrolyzing 
50 vol% PCS, b) after sintering; e) after pyrolyzing 
60 vol% PCS, c) after sintering; e) after pyrolyzing 
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Figure 8. Green density of the joint as a function of PCS content in joining slurries. The 
matrix has a constant composition as described in section HI (The matrix density was 
measured by Archimedes' method; the joint density was measured by X-ray tomography) 
Figure 9. Density distributions around joints formed by AHPCS containing pastes. Solid lines 
are showing the trend of the density change using moving average. Do, D, DSic have the same 
definition as that in Fig. 5 
A) AHPCS+SiC paste, pyrolyzed 
B) Pure AHPCS paste, pyrolyzed 
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Table 1. Compositions of the joining slurries containing PCS or AHPCS 
Type Composition (Vol%) 
PCS AHPCS SiC 
PCS containing 
pastes 
10 0 90 
50 0 50 
60 0 40 
AHPCS containing 
pastes 
0 100 0 
0 70 30* 
* The SiC powder used has 5wt% Boron additive 
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Table 2. Comparison of the densities of SiC compacts measured by X-ray tomography and 
Archimedes' method 
Sample X-ray tomography Archimedes' method 
1 52.3±0.3 52.3 
2 60.0±0.4 60.6 
3 83.2±L0 83.6 
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CHAPTER 5: 
IN SITU GROWTH OF SIC WHISKER IN PYROLYZED MONOLITHIC 
MIXTURE OF AHPCS AND SIC 
A manuscript prepared for submission to the Journal of American Ceramic Society 
Jing Zheng, M. J. Kramer, Mufit Akinc* 
Abstract: 
In situ whisker growth was observed during heat treatment of 
allylhydridopolycarbosilane (AHPCS) and SiC powder in the temperature range of 1250°C-
1350°C. Transmission electron microscopy (TEM) equipped with an electron energy loss 
spectrometer (EELS) verified that the banded whiskers are twinned single grained (3-SiC. 
Convergent beam electron diffraction patterns (CBED) of the whisker tips are consistent with 
formation by a vapor-solid (VS) mechanism. The effects of the process variables on the 
whisker growth are addressed. The mechanism of the whisker growth is discussed and 
attributed to the reaction between the gaseous products of the polymers AHPCS and 
polycarbosilane (PCS). Thermal decomposition behavior of the polymers were followed to 
relate the gas evolution to whisker formation. 
I. Introduction 
The use of ceramics in high temperature structural application has been severely 
limited by the low fracture toughness and the lack of predictable service life. Any flaw in the 
ceramic may lead to catastrophic failures. However, by employing high strength whiskers to 
*Ames Laboratory and Department of Material Science and Engineering, Iowa State 
University, Ames, IA 50011 
95 
reinforce the ceramic matrix, the fracture toughness has been significantly improved1. Of all 
candidate whiskers, silicon carbide (SiC) is recognized for its favorable properties, high 
strength, high elastic modulus, heat resistance and chemical stability. 
Because of its potential as a reinforcement material for ceramics, SiC whiskers have 
been prepared by various techniques, such as crystallizing the whiskers from the liquefied 
SiC under high temperature and pressure2, pyrolyzing the fibrous polymer precursor of SiC3 
and reacting SiO with graphite or rice husk at high temperature4,5. These pre-formed SiC 
whiskers are commonly mixed with the ceramic, metal or polymer powders to produce 
whisker reinforced composites. However, the previous research has shown that 
inhomogeneous distribution of the pre-formed whiskers in the final product limits the 
potential benefit of the fiber reinforcement6. Because of the spatial inhomogeneity in the 
whisker distribution, the samples also exhibited spatial variation in properties. Furthermore, 
the pre-formed whiskers, possessing a size that have been shown to cause cancer upon 
inhaling7, pose a potential health risk. To achieve the full potential for fiber reinforced 
composites, an in situ method for fiber formation must be realized. 
Methods of in situ growth of SiC whisker in carbon and in SisN^ to produce 
composites have been studied recently. In the study by Chen8 et al, powders of calcined rice 
husks, graphite and catalyst were mixed with asphalt and compacted. In situ growth of SiC 
whiskers in the compacts were observed after being heat-treated at the appropriate 
temperature. The growth of these whiskers was attributed to the reduction of SiO, by the 
carbon sources in the powder mixture. However, the residual impurities, such as Si, SiO, and 
catalyst, influences the properties of the composites. In another study by Wang and 
Fischman9, in situ synthesis of silicon carbide whiskers by direct carbothermal reduction of 
silicon nitride with graphite was reported. The formation of SiC whiskers was believed to be 
related to the decomposition of silicon nitride. This so-called "chemical mixing process" has 
been used to produce SisN^-matrix/SiC whisker composites. Since no catalyst was used in the 
process, the effect of impurities was minimized. Although SiC whisker reinforced SiC 
composites produced by mixing the pre-formed SiC whisker with the SiC powder has shown 
its potential for improving the toughness of the monolithic ceramics10, in-situ growth of SiC 
whiskers in SiC has not been reported. 
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In the present work, a method of in situ growth of SiC in pyrolyzed mixture of 
allylhydridopolycarbosilane (AHPCS) polymer and SiC powder is described. The in situ 
grown whiskers were characterized by Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM) and were identified to be (3-SiC single crystal. 
The process described here provides a potential way for producing either SiC whiskers or 
SiC whisker reinforced SiC composites. 
H. Experimental Procedure 
1. Material Preparation 
SiC powder was mixed with Allylhydridopolycarbosilane (AHPCS), a liquid polymer 
precursor of SiC, in a vial and stirred with a spatula. After mixing, the slurry in the vial was 
placed in an ultrasonic bath for about 40 minutes to homogenize the mixture. The slurry was 
then transferred to an alumina plate or crucible and pyrolyzed in a tube furnace. 
During whisker growth, the above slurry of AHPCS and SiC was usually pyrolyzed 
with PCS powders that were used to control the atmosphere. Besides PCS powder, green 
compacts of SiC containing PCS as binder were also employed in this study to form in situ 
whiskers. Green compacts were prepared by mixing, 95 parts by volume of silicon carbide 
powder (|3-SiC, Superior Graphite 059(S)) with 5 parts polycarbosilane (PCS, Nippon 
Carbon Co., Molecular weight 1470) and blended with 300 part toluene to form a suspension. 
The suspension was homogenized with an ultrasonic horn for 5 minutes. The resulting 
suspension was dried in the hood and sieved through No. 100 mesh. SiC compacts were 
produced by uniaxially pressing the powders in a stainless steel die with a diameter 
measuring 25.4 mm at an applied pressure of 34.5 MPa followed by isostatic pressing at a 
pressure of 138 MPa. 
2. Heat Treatment 
Samples were heated in a tube furnace in flowing argon while the temperature was 
raised to 150°C and held for one hour. The furnace was then ramped to 400°C and held at 
this temperature for two hours and heated to the pyrolysis temperature of 1100°C at a rate of 
60°C/hr and held for two hours, the samples were then heated to 1250°C at a rate of 150°C/hr 
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and held for two hours. The samples were then cooled to room temperature at a rate of 
150°C/hr. 
3. Whisker Characterization 
The scanning electron microscopy was used to observe the morphology of the 
whiskers. Phase composition of the individual whisker was identified using electron 
diffraction and Electron Energy Loss Spectroscopy (EELS) in a Philips CM30 TEM operated 
at 300 keV. Samples for TEM were prepared by scraping fibers from a monolithic sample 
directly onto a holey carbon grid. Since the whiskers were only a few tens of nanometers in 
diameter with a very long aspect ratio, no other sample preparation was necessary. Gases 
evolved during decomposition of the PCS polymer were analyzed by mass spectroscopy. 
III. Results 
1. The Morphology and Characterization of the In Situ Grown Whiskers 
Whiskers produced by heat treatment of 60 parts by volume of AHPCS and 40 parts 
by volume of SiC powder at 1250 °C in the presence of PCS were studied by scanning 
electron microscopy. A typical micrograph showing abundant whiskers grown during the 
heat treatment is show in Figure 1. The length of the needle-like whiskers ranged from 20 to 
40 pirn while the diameter ranged from 50-200 nm. For the tens of fibers observed, no 
spherical caps at the tips of the whiskers, a typical feature for whiskers grown by Vapor-
Liquid-Solid (VLS) mechanism11-12, were observed. Instead, it appears that the whiskers are 
formed by the Vapor-Solid (VS) mechanism. 
The morphology of an individual whisker observed in the TEM shows that the 
whiskers are highly uniform over a long length but show alternating bands of light and dark 
contrasts (Fig. 2a). The crystal structure was identified using both selected area and 
convergent beam electron diffraction (Fig. 2b). The Selected Area Diffraction Pattern 
(SADP) is consistent with a twinned (3-SiC, while the streaks in the diffraction spots along 
the [111] growth direction indicate a highly defected structure. The orientations of the twins, 
established using Convergent beam electron diffraction (CBED), are [1-10] and [-11-2], 
respectively. 
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To investigate the possible mechanism for whisker growth, the tips of individual 
whiskers were examined (Fig. 2c). No spherical cap was observed and the diffraction pattern 
has indicated a perfect crystalline (5-SiC. The absence of the low melting point eutectic 
phases of SiC and impurities, such as iron or nickel, at the whisker tip suggests that the 
whisker may be formed by VS mechanism rather than VLS mechanism. 
Electron Energy Loss Spectroscopy (EELS) was used to identify the composition of 
the individual whiskers. The carbon edge (284 eV) results obtained by EELS on an 
individual whisker and the amorphous carbon support mesh is shown in Fig. 3. While the 
carbon edge was quite strong, an oxygen edge was not observed, indicating its presence, if 
any, lies below the detection limits (< 0.1%). An advantage of EELS is that the edge shape 
reflects the bonding state of the material13. The striking difference in the shape of the two 
carbon edges is strong evidence that the carbon detected by EELS in the whiskers was not 
from the amorphous carbon residual that might present in the pyrolyzed polymer. 
Furthermore, we think that the shape of the carbon peak from whiskers suggested a strong <j 
bonding, which exists in silicon carbide. 
2. Influence of Process Variables on Whisker Growth 
To address the essential factors that influence the SiC whisker growth in the 
consolidated AHPCS and SiC mixture, the process variables such as, SiC content in the 
mixture, the gas atmosphere during the pyrolysis and the temperature at which the whiskers 
grow, were examined. 
(a )  S iC  Conten t  in  the  S lurry  
The slurries of AHPCS and SiC were prepared with different SiC contents and then 
heat treated in a tube furnace at 1250°C. Silicon carbide compacts with PCS binders were 
placed next to the slurries. Presence of PCS is presumed to control the gas atmosphere. 
Experimental results, listed in Table 1, show that only combination of AHPCS and SiC with 
more than 40% or more by volume of SiC results in the whisker formation. The effect of SiC 
loading on the whisker growth is not completely understood. S EM observation of the 
samples after pyrolysis revealed that the green compacts formed by slurries with lower SiC 
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loading was covered by a dense layer of pyrolyzed AHPCS residue, which isolates the SiC 
powder from interacting with the gas environment. The dense layer may be attributed to the 
enrichment of AHPCS at the surface of the pyrolyzed mixture. To prevent this dense layer 
formation, AHPCS was first cured at 400°C to form a solid material and then ground into 
powders and mixed with SiC powder. The powder mixture was composed of 28 vol% of SiC 
and 72 vol% of cured AHPCS, and. loosely pressed into a compact (sample 6 in Table 1). The 
same heat treatment as that for whisker growth was followed. Although this sample has a 
similar SiC volume percentage as that of the sample 2, whiskers were observed on the 
surface as well as in the interior of the sample. This observation supports the idea that for 
samples with high AHPCS fraction, the formation of dense layer on the surface prevents the 
SiC whisker growth. 
(b )  Tempera ture  Reg ime  o f  the  Whisker  Growth  
Slurries containing 40 vol% SiC powder and AHPCS were heat-treated at various 
temperatures from 1050°C to 1350°C (Table 2) to determine the temperature regime that 
favors whisker growth. Table 2 shows that no whiskers grew below 1150°C, while the 
whiskers were observed at 1250°C and above. Meanwhile, there seems to be a slight 
difference (approximately 100°C ) in the temperature regime of the whisker growth between 
using the green compact (where PCS used as a binder) and the PCS powder during the heat 
treatment. This is attributed to the difference in decomposition temperature of the two 
materials. A shift in the decomposition temperature was also observed by Okamura14 during 
the gas evolution of PCS fiber and cured PCS fiber. The difference was attributed to the pre­
heat process conducted on the cured PCS fiber in air, which is also applicable to the PCS in 
the green compacts. 
( c )  Cr i t i ca l  Reac tan t s  fo r  the  Whisker  Growth  
The components used in the process, such as AHPCS, green compact/PCS powder, 
and SiC powder, were isolated or combined to assess the role each reactant play in forming 
SiC whiskers. Table 3 summarizes the sources of reactive gases and temperature leading to 
whisker growth. It shows that the presence of AHPCS in the SiC slurry and PCS in the form 
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of powder or green compacts (5vol%PCS+SiC) are essential for the whisker growth. No 
noticeable whisker growth was observed in the absence of AHPCS or PCS, as illustrated in 
micrographs of the mixtures after pyrolysis (Fig. 4). Since neither the green compact nor PCS 
powder came in contact with the AHPCS in the slurry, the gas products of the two materials, 
AHPCS and PCS, during the pyrolysis might be the critical reactants for the formation of SiC 
whiskers. 
3. Thermal Decomposition Behaviors of the Polymers 
(a )  AHPCS Po lymer  
The thermal decomposition behavior of the AHPCS was followed by determining the 
weight loss at preset temperatures in inert atmosphere. Figure 5 shows the mass loss of the 
polymer at different temperatures. Majority of the mass loss (from 100% to 82.4%) takes 
place below 400°C, which is the stated curing temperature. The mass loss is mainly due to 
the loss of low molecular weight oligomers and H,, resulting in crosslinking of the 
polymer15. Mass loss continues until about 650°C, due to further losses of H, and some Si 
and C containing species. There is hardly any mass change between 650 to 1250°C, 
indicating the end of the thermal decomposition. Further mass loss between 1250 to 1600°C 
was attributed to the evolution of SiO gas, which was caused by the oxygen content in the 
polymers incorporated during polymer synthesis12. 
(b )  PCS Po lymer  and  Green  Compac t s  
As shown in Table 3, conditions at which growth of SiC whiskers was observed, 
either PCS powder or green compacts containing PCS was needed during the heat treatment. 
In order to elucidate the role of the PCS polymer during the whisker growth, mass 
spectroscopy was used to determine the nature of the gasses evolving from PCS at elevated 
temperatures (Fig. 6). The evolution of CH4 gas was observed from 550°C to 950°C due to 
the demethanation of PCS while CO gas evolution was observed at 1250°C and above. It is 
noteworthy that the temperature of CO gas evolution is in good agreement with that of the 
SiC whisker growth, implying that the CO gas evolution from PCS at high temperature is 
related to the SiC whisker growth in the system. 
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IV. Discussion 
Several methods have been proposed for the synthesis of the SiC whiskers by a VS 
mechanism, but the essential reaction is given by: 
SiO(g) + 3CO(g) SiC(s) + 2C02(g) (1) 
AG°=465568+379T 
However, the equilibrium constant of the reaction, log [Kp]= -4.3 at 1300°C, was too 
small to explain the growth of the SiC whiskers. Commonly, it is believed that the CO? gas 
evolved during the reaction was immediately removed by the reaction with free carbon: 
C02(g) + C(s) -> 2CO(g) (2) 
Therefore, the overall reaction of the SiC formation can be written as: 
SiO(g) + 2C -> SiC(s) + CO(g) (3) 
AG°=-132770+33.9T and log [Kp] = 2.6 (1300°C) 
Although the essential reactions are the same, the sources of the SiO and CO in the 
reactions are different in various processes. Usually, silica was mixed with graphite or carbon 
black to form silicon monoxide and carbon monoxide. 
SiOz(s) + C(s) -> SiO(g) + CO(g) (4) 
However, different from the silica reduction method, the SiO and CO gases involved 
in the SiC whisker growth in current study are believed to form from the polymers present in 
the system during the heat treatment. 
The analysis of the mass spectroscopy supports the notion that the PCS powder or 
green compacts containing PCS is the source of the CO gas during the growth of SiC 
whiskers. The following thermal decomposition occurs at the SiC whisker growth 
temperature of 1250 to 1350°C : 
1250 - 1350°C 
PCS residue => SiC(amorphous) + CO(g) (5) 
Note that mass of SiO is identical to C02, therefore, we can not preclude the 
possibility that SiO gas might be evolved during the thermal decomposition of PCS at high 
temperature as reported by Otoishi et al16. However, no whisker formation was observed in 
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Sample 4 in Table 3 which implies that SiO evolution by PCS was not significant, or does 
not lead to whisker formation. 
On the other hand, the mass loss of AHPCS at a temperature range of 1250 to 1600°C 
(Fig.5) suggests the evolution of SiO gas according tor 
1250 - 1600°C 
AHPCS residue =» SiC(amorphous) + SiO(g) (6) 
It should be noted that the reactions (5) and (6)i do not necessarily represent the actual 
decomposition reaction or include all the reaction procSucts. However, they show the 
predominant products at the given temperature. 
The presence of CO from PCS and SiO from A&HPCS in the system leads to reaction 
3, forming SiC. The SiC deposited on the pyrolyzed miixture, presumably at the site of SiC 
powders because of the low surface energy due to epitaxy, leading to the in situ growth of 
SiC whiskers. 
V. Conclusion 
In situ whisker growth was observed in the dec omposed mixture of AHPCS and SiC 
in a controlled Pco and Psîo atmosphere during heat treatment at a temperature regime 
between 1200 to 1350 °C. TEM and EELS verified thaet the whiskers are single crystal (3-SiC 
with a length of 20-40 pm and a diameter of 50-200 aim. The whisker tip was also crystalline 
SiC, suggesting that the SiC whiskers grew by a VS meechanism. The process variables for 
the whisker growth, such as temperature and essential rreactants, were determined. The 
investigation on the thermal decomposition of the polymers revealed that CO gas was 
evolved from PCS at 1200-1350°C, while SiO gas possibly evolved from AHPCS at 1250-
1600°C. The reaction of the evolving SiO and CO is b«elieved to be the predominant reaction 
leading to formation of in situ SiC whiskers. 
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Figure Captions 
Figure 1. Typical morphology of the in situ whiskers observed on the fracture surface of the 
pyrolyzed monolithic mixture of AHPCS and SiC powder 
Figure 2. The TEM micrograph of the individual whiskers 
a) The morphology of the SiC whisker with band and straight region 
b) Band and straight region with the convergent beam electron diffraction (CBED) and 
selected area diffraction pattern (SADP) 
c) The morphology and SADP of the whisker tip 
Figure 3. Electron Energy Loss Spectroscopy of SiC whiskers and carbon 
Figure 4 Whisker growth with various sources of gas atmosphere. The slurries were 
composed of 40% by volume SiC and 60% by volume AHPCS. 
a) Argon atmosphere; No whisker formation was observed 
b) AHPCS as source of gas atmosphere; few whiskers were observed 
(indicated by the triangles) 
c) 5vol%PCS+SiC (in form of compacts) as source of gas atmosphere; 
extensive whisker growth 
Figure 5. Thermal decomposition behavior of AHPCS polymer. 
Figure 6. Methane (CH4) and carbon monoxide (CO) gas evolution from PCS as a function of 
temperature 
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Table 1. The effect of siC content on the growth of Si*C Whiskers 
Sample 
Composition 
(%by volume) Observation 
AHPCS SiC powder 
1 100 0 No whisker tgrowth was observed. Whiskers were 
observed in Bhe alumina crucible 
2 72 28 Same as sample 1 
3 60 40 Lots of whis-kers were observed, especially on the 
surface and anterior of the compact. 
4 55 45 Same as sarmple 3 
5 0 100 No whisker growth was observed 
6 72* 28 Lots of whisEkers were observed on the surface and 
interior of th-.e compact. 
* The AHPCS was cured at 400°C. The cured solid was then ground and mixed with SiC 
powder. The powder mixture was loosely compressed into compacts. 
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Table 2. Infulence of temperature on the SiC whisker growth 
Sample Source of Gas 
Atmosphere 
Temperature(°C) Whisker Growth 
1 Green compact 1050 No 
2 Green compact 1150 No 
3 Green compact 1250 Yes 
4 Green compact 1350 Yes 
5 PCS powder 1150 No 
6 PCS powder 1250 No 
7 PCS powder 1350 Yes 
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Table 3. Role of reactants on the whisker growth 
Sample Materials in the system Temperature Whisker Growth 
Slurry Gas Source (°C) 
1 40 SiC 
60 AHPCS 
None 1250 & 1350 No 
2 40 SiC 
60 AHPCS 
AHPCS 1250 Few 
3 40 SiC 
60 AHPCS 
PCS Powder 1350 Yes 
4 40 SiC 
60 AHPCS 
SiC 
compact* 
1250 & 1350 Yes 
5 None SiC 
compact 
1250 & 1350 No 
6 40 SiC 
60 
Varcum* 
SiC 
compact 
1350 No 
* Varcum (Oxychem), a liquid phenolic resin as a source of carbon 
+ Compacts contains 5% by volume PCS as binder 
115 
CHAPTER 6: GENERAL CONCLUSION 
Green state joining of ceramics has shown its potential for achieving complex shaped 
components. In this work, joining of SiC is studied not only because of its technical 
significance but also because it is a challenging system with many processing difficulties. It 
is shown that excellent joints can be achieved using PCS containing paste with the applied 
pressure to assist the particle reorganization at the joint/matrix interface. However, because 
of the PCS segregation in areas on either side of the joint during joining process, cracks 
formed in such regions during densification. Because of its scientific significance, the PCS 
segregation is further investigated and its concentration around the joints is predicted using a 
model analog to column chromatography. With a modified joining process, the PCS 
segregation and crack formation are eliminated and joints obtained are indistinguishable from 
the matrix. The strengths of the joints having 94% of theoretical density are determined to be 
about 401 MPa and 379 MPa at ambient temperature and 1000°C. However, the strength of 
the joined samples is dependent on the magnitude of joining pressure and ultrasonic 
inspection has shown that the joint becomes more uniform and less defective at higher 
external pressure. 
In order to eliminate the external pressure that is necessary for the green state joining 
of SiC, a method of pressureless joining SiC in green state is developed using AHPCS 
containing paste. Investigation on defect formation during joint evolution indicates that 
cracks and pores at the joint are initiated during pyrolysis of the polymer and associated with 
large volume shrinkage during this stage. Incorporating SiC powder into the paste reduces 
the shrinkage and hence eliminates the processing defects. The optimum amount of SiC in 
the paste is determined to be between 25 to 35 volume percent. Microstructural observation 
indicates that joint formed by AHPCS+SiC has higher porosity than that of the matrix, while 
the joint formed by AHPCS+(SiC+5wt%B) is essentially indistinguishable from the matrix. 
The average strength of the latter joint is determined to be 323 MPa, comparable to that of 
the control sample. The formation of strong bonding between two joined interfaces is 
attributed to the infiltration of liquid polymer precursor from joint to matrix under capillary 
force. 
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In addition to developing and understanding the green state joining of SiC compacts, 
several new and exciting findings come out during the course of the project. One of the 
findings is the application of x-ray tomography on observing the microstructure evolution of 
the joints in green state. In this research, we have demonstrated that x-ray tomography yields 
bulk density measurements comparable to that of the Archimedes' method. Furthermore, x-
ray tomography is used to investigate microstructural evolution of green state joints. 
Specifically, x-ray tomography has shown that the green density of the joints increased from 
54%TD to 66%TD with the increase of applied isostatic pressure from ambient to 138 MPa. 
It is believed that the density variation in the pyrolyzed joints formed under different isostatic 
pressures is a crucial factor that affects the quality of the sintered joints. In addition to 
applied pressure, polymer content in the joining slurries exhibits a significant effect on the 
microstructure of the resulting joints. The joint density obtained by x-ray tomography 
increases initially from 48%TD at 10vol%PCS to 54%TD at 50vol%PCS, and subsequently 
decreases to 52%TD with further increase in PCS content. Additionally, x-ray tomography 
provides a direct evidence for polymer infiltration into the matrix. This validates the model 
we proposed for joint evolution and explains the excellent quality of joints obtained by this 
method of green state joining. 
All of these progresses should make green state joining of SiC more attractive for 
industrial application with certain further research as follows: 
Since the joining materials employed in this study yields only SiC and possibly 
excess carbon, the strength of the joint should not degrade as the temperature increases to the 
application temperature of the matrix (~1600°C). Further high temperature strength 
measurements are desirable to confirm that the joints obtained by these methods are superior 
in strength at both ambient and high temperature. 
As an effective method to control the product quality, non-destructive evaluation is 
desirable both in green and sintered state for process control as well as quality assurance. As 
shown by Rehbein et al in ultrasonic inspection, a qualitative relationship was established 
between the ultrasonic reflection and defects at the joint area. Further research on 
establishing a quantitative relationship between the strength of the joint and ultrasonic 
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reflection will be extremely desirable. In addition to ultrasonic inspection, the x-ray 
tomography for the evaluation of joint density distribution is also useful. 
The progress on green state joining of SiC using the SiC/PCS or SiC/AHPCS systems 
offer the scientific basis for understanding the joining of other advanced ceramics. In 
particular, green state joining of advanced ceramics such as silicon nitride, silicides, carbides 
and borides needs to be investigated. 
Although it was an accidental discovery during the course of green state joining using 
AHPCS containing pastes, in situ whisker growth has been observed in the decomposed 
mixture of AHPCS and SiC between 1200 to 1350 °C. TEM and EELS verifies that the 
whiskers are single crystal (3-SiC with a length of 20-40 fim and a diameter of 50-200 nm. 
The whisker tip is also crystalline SiC, suggesting that the SiC whiskers grew by a VS 
mechanism. This discovery provides a new, potential route to produce either SiC whisker 
reinforced composites or SiC whisker itself. The process variables for the whisker growth, 
such as composition, temperature and essential reactants, are determined. The investigation 
on the thermal decomposition of the polymers reveals that CO gas is evolved from PCS at 
1200°C-1350°C, while SiO gas possibly evolves from AHPCS at 1250°C-1600°C. The 
reaction of the evolving SiO and CO is believed to be the predominant reaction leading to 
formation of in situ SiC whiskers. 
118 
ACKNOWLEDGMENTS 
Ames Laboratory is operated for the U.S. Department of Energy by Iowa State 
University under contract number W-7405-ENG-82. This research was supported by the 
Office of Basic Energy Science, Materials Science Division. 
I would like to dedicate this dissertation to my family. My dear wife Ping has 
supported me with her love and patience through all these years. My newborn son, Ryan, 
has joined us during my busiest time and always cheers me up with his happiest smile. 
My parents Zuqi and Xiuying, have flew all the way from China to U.S. and offered their 
help to us during our hardest times. I have owed too much to them. 
I would like to thank my major professor, Dr. Mufit Akinc. He has always been a 
respected professor, a wise mentor and a warm-hearted advocate. I would like to thank 
Jason Williams for his unselfish help on my written and spoken English, and Sarah 
Beckman for her help and delightful chatting. Last, but not least, I would like to thank Dr. 
Ozer Unal and Dr. Matt Kramer for technical help on subjects concerning mechanical test 
and transmitted electronic microscopy. 
